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Orbital and Suborbital Climate Variability during the Pliocene 
Intensification of Northern Hemisphere Glaciation
by Clara Thérèse Bolton
The late Pliocene is marked by the end of an interval of warm, relatively stable global climate and a 
secular shift into a bipolar glaciated world. The intensification of northern hemisphere glaciation 
(iNHG) central to this climatic transition was accompanied by a decrease in atmospheric 
carbon dioxide concentrations and commenced around 3.5 million years ago. The climate 
forcing and response mechanisms involved in the iNHG are subjects of ongoing debate in the 
palaeoclimate literature. In this thesis, I reconstruct palaeoproductivity and suborbital climate 
fluctuations during this important interval, with particular focus on the first three consecutive, 
large, obliquity-paced glacial-interglacial cycles (marine isotope stages, MIS, 101-95), using proxy 
methods applied to deep-sea sediments in the equatorial oceans and the North Atlantic. In this 
way, I evaluate the forcing mechanisms, biogeochemical cycles and climate implications during 
the late Pliocene.
  In Chapter 2, palaeoproductivity is reconstructed in the western and eastern equatorial Pacific 
Ocean. Data reveal that productivity fluctuations are in phase between east and west and are 
obliquity-paced. This implicates high-latitude rather than local forcing of export productivity and 
no apparent role for east-west thermocline tilting on these timescales, as previously proposed. 
  In Chapter 3, multi-proxy palaeoproductivity reconstructions in the eastern equatorial Pacific 
and Atlantic Ocean upwelling zones are considered in terms of proxy applicability and export 
productivity. Results suggest that alkenone accumulation may be a useful indicator of export 
productivity and that the late Pliocene biological pump was stronger during glacials than 
interglacials. 
  In Chapter 4, an inferred secular productivity shift is investigated using calcareous nannofossil 
assemblages. Assemblage shifts at an equatorial Pacific and a North Atlantic Ocean site support 
the interpretation of an increase and a decrease in export productivity, respectively. Implications 
of a strengthened tropical biological pump at this time are considered.
  In Chapter 5, high-resolution climate records are used to investigate suborbital variability at 
North Atlantic Integrated Ocean Drilling Program Site U1313. Data indicate that only small-
amplitude suborbital variability occurs during the late Pliocene, with no amplification within the 
boundary conditions and inferred ice-volume variations of MIS 103 to 95. 
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Chapter 1 
Introduction
1.1 Pliocene climate - an overview
The Pliocene Epoch1 (~5.3 to 1.8 million years ago, Ma) constitutes the uppermost division of 
the Neogene Period and is marked by the final stages of a long-term global cooling trend that 
culminated in large-scale northern hemisphere glaciation (NHG) and the late Pleistocene ice 
ages (Fig. 1.1). The climatic transition from relative warmth during the early- to mid-Pliocene 
to the generally cooler climates with progressively larger glacial-interglacial cycles during the 
late Pliocene (2.6 to 1.8 Ma) and Pleistocene (1.8 to 0.01 Ma) makes the Pliocene an intriguing 
interval for study (Fig. 1.1). The early to mid Pliocene was characterised by warm temperatures 
and a shallower meridional temperature gradient (between low and high latitudes) than today 
[Dowsett et al., 2009], with a suggested stronger thermohaline circulation in the North Atlantic 
[Dowsett et al., 1992; Raymo et al., 1996]. Sea surface temperatures (SSTs) are estimated to have 
been 6 to 7 ºC higher than today in the high-latitude oceans [Dowsett and Poore, 1991; Cronin 
et al., 1993; Lawrence et al., 2009] and ~3 to 5 ºC warmer than present in the low- and mid-
latitudes oceans [Lawrence et al., 2006; Dekens et al., 2007; Dowsett and Robinson, 2008; Pagani et 
al., 2009]. Ice-free conditions likely prevailed over most of the Arctic Ocean, with no evidence for 
the existence of large-scale northern hemisphere (NH) ice-sheets until ~2.7 to 2.5 Ma [Shackleton 
et al., 1984; Flesche Kleiven et al., 2002; Haug et al., 2005]. Atmospheric carbon dioxide 
concentrations (pCO2) for the mid-Pliocene are estimated at between 360 and 420 parts per 
million by volume (ppmv) [Raymo et al., 1996; Pagani et al., 2009; Seki et al., 2010], significantly 
higher than pre-industrial pCO2 values of 280 ppm [Luthi et al., 2008] and akin to modern-day 
‘anthropocene’ values [Jansen et al., 2007] (Fig. 1.1C). These inferred temperature and pCO2 
conditions make the early to mid Pliocene the most recent geological analogy for predicted 21st 
Century climate. 
1. The Plio-Pleistocene boundary was recently redefined by the International Commission on Stratigraphy from the base of the Calabrian Stage 
(1.806 Ma) to the base of the Gelasian Stage (2.588 Ma); however in order to maintain consistent terminology with the discussed published litera-
ture, in this thesis all references to the Pliocene and Pleistocene use the pre-2010 definitions of these Epochs. 
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Global climate and ice volume during the Pliocene and early Pleistocene as recorded by the 
oxygen isotopic composition (δ18O) of benthic foraminifera is primarily dominated by 41-
ky cyclicity (Figs. 1.1D, 1.2A), with an apparent strong and weak response to obliquity and 
precession respectively (Fig. 1.2E and F) [Lisiecki and Raymo, 2005; Raymo et al., 2006] (Fig. 
1.2). The mid-Pleistocene transition at ~0.8 Ma saw the progression of global climate from a ‘41-
ky world’ with palaeoclimate records dominated by orbital obliquity cycles, to a ‘100-ky world’ 
with climate dominated by comparatively longer orbital cycles in which glacial and interglacial 
climates become more extreme, leading to more pronounced climatic contrasts [Helmke et al., 
2005; Lisiecki and Raymo, 2005; Medina-Elizalde and Lea, 2005; Weirauch et al., 2008] (Fig. 
1.2). The benthic foraminiferal δ18O record is a measure of both global ice volume and local deep-
sea temperature, thus it is commonly used as a proxy for high-latitude climate because deep water 
masses are originally formed in the high-latitude surface oceans [Shackleton, 1967; Lisiecki and 
Raymo, 2007]. 
Milankovitch’s astronomical theory predicts that global ice volume is primarily governed by 
the amount of insolation received at critical latitudes and its seasonal distribution, dependent 
on variations in Earth’s eccentricity, obliquity and precession [Milankovitch, 1941; Hays et 
al., 1976; Imbrie, 1985] (Fig. 1.2D to F). Following this theory one would expect the ~20-ky 
precession period (rather than the ~41-ky obliquity period) to dominate climate change on 
orbital timescales, because precession is the primary influence on northern hemisphere summer 
insolation intensity (e.g., local mean 21st June insolation at 65⁰N has 80% of its variance at the 
precession period [Huybers, 2006]). A number of explanations have been suggested to explain 
this disparity between orbital theory and observations from the geological record. For example, 
(1) that meridional insolation gradients, dominated by obliquity variations, control high-latitude 
climate and ice-volume [Raymo and Nisancioglu, 2003; Lee and Poulsen, 2005; 2008]; (2) that a 
‘cancelling out’ effect occurs because the precession-driven global ice volume signal is out of phase 
between the two hemispheres, leaving a record dominated by the 41-ky obliquity signal [Raymo 
et al., 2006]; (3) that obliquity controls late Pliocene-early Pleistocene ice volume via its influence 
on integrated summer energy (a function of insolation intensity and duration) [Huybers, 2006]; 
and (4) that internal climate feedbacks modulated orbital forcing e.g., [Raymo and Nisancioglu, 
2003; Ruddiman, 2006]. 
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Figure 1.1: The Pliocene in the context of global climate evolution during the Cenozoic. A: 
Multi-site composite of atmospheric pCO2 estimates for the Cenozoic derived from the carbon 
isotopic composition of alkenones [Pagani et al., 2005]. B: Global composite benthic δ18O record 
for the Cenozoic [Zachos et al., 2008]. Grey shading represents the Plio-Pleistocene interval, shown 
in the right-hand panel. C: Atmospheric pCO2 range estimates for the Plio-Pleistocene at ODP Site 
999 derived from the carbon isotopic composition of alkenones (light blue shading) and the boron 
isotopic composition of foraminifera (dark blue lines) [Seki et al., 2010]. pCO2a (solid line) is the 
pCO2 of surface seawater determined from pH and assuming a modern value for total alkalinity; 
pCO2b (dotted line) is the pCO2 of surface seawater determined from pH and [CO3
2-]. D: Global 
stacked benthic δ18O record for the Plio-Pleistocene (5-0 Ma) [Lisiecki and Raymo, 2005].
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1.2 The Pliocene intensification of northern hemisphere 
glaciation
Mid Pliocene warm conditions began to deteriorate rapidly at ~2.7 Ma, with the onset of the 
intensification of NHG (Figs. 1.1 and 1.2). A progressive shift towards cooler temperatures and 
increased ice volume is observed in the deep-sea δ18O record (Fig. 1.2A), in SST records (Fig. 
1.2B and C) as well as in the ice-rafted debris (IRD) record (Fig. 1.2G and H), which is a first-
order indicator of the magnitude of iceberg delivery to the North Atlantic and Pacific basins 
[Jansen et al., 2000]. A step-wise pattern of NHG has been noted in the North Atlantic IRD 
record, commencing with a marked expansion of the Greenland ice sheet at ~3.3 Ma, followed 
by large-scale waxing and waning of the Greenland, Scandinavian, and North American ice sheets 
starting at ~2.75 Ma [Flesche Kleiven et al., 2002]. Many recent studies point to an earlier onset 
and more gradual trend of sea-surface cooling relative to northern hemisphere (NH) ice-sheet 
growth [Mudelsee and Raymo, 2005; Groeneveld et al., 2006; Lawrence et al., 2009; Herbert et al., 
2010] (Fig. 1.2A to C), with diachronous regional climate shifts suggesting that Pliocene global 
cooling was a gradual process [Ravelo et al., 2004]. The late Pliocene intensification of NHG may, 
in turn, constitute a threshold response to a biogeochemical or ice-sheet feedback accompanying 
the cooling trend, for example, pCO2 decline [DeConto et al., 2008; Lunt et al., 2008a] (Fig. 
1.1C) or a change in ice-sheet substrate [Clark et al., 1999].
Despite much research (both data generation and modelling) with the aim of resolving the 
forcing mechanisms and disentangling the causes versus the effects of NHG, the sequence of 
climatic events at this time and the ultimate driver remains uncertain. Any consideration of 
climate change on orbital and suborbital timescales during the Pliocene must be made in the 
context of the global tectonic and climatic changes occurring at this time, with an understanding 
of the mechanisms potentially forcing or amplifying climate variability. Therefore, I will next 
discuss the main hypotheses suggested to explain the occurrence and timing of the late Pliocene 
intensification of NHG that eventually culminated in the large-amplitude glacial-interglacial 
cycles of the late Pleistocene.
1.2.1 Orbital forcing 
The initiation of the expansion of NH ice sheets is consistent in timing with Milankovitch’s 
orbital theory, which predicts that ice sheet growth requires low polar summertime insolation 
and temperatures [Milankovitch, 1941]. In other words, a high amplitude in the obliquity cycle 
producing cool high-latitude summers and an insolation node (minimum) that hinder seasonal 
ice-melt and promote ice build-up is requisite [Hays et al., 1976]. The amplitude of obliquity 
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cycles increased progressively throughout the Pliocene (3.5 to 2.5 Ma) (Fig. 1.2E), reaching a 
peak around 2.5 Ma coincident with sedimentological and SST evidence for an expanding NH 
ice-sheet. This high amplitude in obliquity alongside an increase in the amplitude of precession 
between 2.8 and 2.55 Ma (Fig. 1.2F) has been suggested as a trigger for late Pliocene NHG 
[Maslin et al., 1995; Maslin et al., 1996]. A combination of tectonic ‘preconditioning’ of climate 
followed by a favourable orbital configuration for glacial inception at ~2.7 Ma was subsequently 
suggested as the impetus for NHG [Maslin et al., 1998]. However, these high amplitudes in 
orbital parameters were not consistently sustained thereafter, begging the question of whether 
orbital configuration alone could have caused such a prolonged shift in climate e.g., [Raymo, 
1994; Sarnthein et al., 2009].
1.2.2 Changes in ocean gateway configuration
The correlation in time between the Pliocene onset of NHG and the closure of the Central 
American Seaway (CAS) and Indonesian Gateway has naturally led many researchers to 
investigate the cause-effect relationship between these events. Oceanographic and faunal/floral 
divergence on either side of the Isthmus of Panama [Keigwin, 1982; Keller et al., 1989; Kameo 
and Sato, 2000; Groeneveld et al., 2006; Steph et al., 2006a; Steph et al., 2006b], direct geological 
evidence for the emergence of a land bridge between the Americas [Cronin, 1988; Coates et al., 
1992; Coates et al., 2003], and the ‘Great American Exchange’ of large vertebrates across this 
land bridge [Webb, 1976; Marshall et al., 1982] have been documented during the Pliocene. 
In particular, the development of sea surface salinity and temperature gradients between the 
Caribbean and the eastern equatorial Pacific have been assigned to the emergence of the Isthmus 
[Haug et al., 2001; Groeneveld, 2005] and are suggested to have caused changes in North Atlantic 
surface water properties and circulation that may have initiated NHG [Haug and Tiedemann, 
1998; Haug et al., 2001; Bartoli et al., 2005; Schneider and Schmittner, 2006; Sarnthein et al., 
2009]. However, it has been argued that much of the palaeoceanographic and palaeontological 
evidence typically interpreted as resulting from the closure of the CAS could equally be 
interpreted as resulting from global climate change occurring during the Pliocene (see Molnar 
[2008] for a critical review of the ‘Panama hypothesis’ and Sarnthein et al. [2009] for a view in 
support of this hypothesis). The suggestion that the closure of the CAS was not the primary 
forcing mechanism for NHG is consistent with a relatively minor Greenland ice-sheet response to 
a closed CAS in model simulations [Lunt et al., 2008b].
The closure of the Indonesian Gateway and northward drift of New Guinea between 4 and 3 
Ma has also been suggested as a mechanism capable of initiating large-scale NHG via ocean 
circulation adjustments and reduced poleward heat transport [Cane and Molnar, 2001]. This 
tectonic event is thought to have had a significant impact on tropical Pacific climate (and 
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therefore global climate via teleconnections) through its role in thermocline shoaling and the 
development of the eastern equatorial Pacific ‘cold tongue’ [Cane and Molnar, 2001; Karas et al., 
2009]; which is turn is hypothesised to have reduced atmospheric heat transport from the low to 
high-latitudes leading to cooling and eventually NHG [Cane and Molnar, 2001].
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Figure 2.2: Climate records spanning the last 3.5 Ma. A: Global stacked benthic δ18O record 
[Lisiecki and Raymo, 2005]. B: Tropical stacked sea surface temperature (SST) records [Herbert 
et al., 2010]. C: North Atlantic SST record from ODP Site 982 [Lawrence et al., 2009]. D to F: 
orbital parameter variations [Laskar et al., 2004]: D: eccentricity, E: obliquity and F: precession 
parameter. G: IRD record from North Atlantic ODP Site 907 [Jansen et al., 2000]. H: IRD record 
from North Pacific ODP Site 882 [I. Bailey, unpublished data]. Grey shading indicates study 
intervals in this thesis.
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1.2.3 Termination of a ‘permanent’ El Niño
A number of proxy records display reduced east-west sea surface temperature and productivity 
gradients across the tropical Pacific during the Pliocene relative to the Pleistocene [Chaisson 
and Ravelo, 2000; Ravelo et al., 2004; Wara et al., 2005; Bolton et al., 2010]. This finding led 
to the hypothesis that the equatorial Pacific Ocean switched from a ‘permanent El Niño’ (i.e., 
with mean-state El Niño-like conditions) to a La Niña climate system at ~3 Ma, with important 
implications for teleconnections between low- and high-latitudes [Philander and Fedorov, 2003; 
Fedorov et al., 2006]. In this hypothesis, low- and high-latitude climates become linked after ~3 
Ma owing to the emergence of cool tropical upwelling zones as a result of a shoaling of the oceanic 
thermocline. This change in ocean thermal structure brought into play oceanic and atmospheric 
feedbacks (e.g., El Niño-type interactions) that altered or amplified the climate response to 
obliquity forcing, potentially accelerating NH ice-sheet growth [Philander and Fedorov, 2003]. 
1.2.4 Moisture supply and ocean stratification
A key factor required to sustain large ice sheets is an adequate moisture source. A drop in 
opal accumulation in the subarctic North Pacific Ocean at ~2.7 Ma has been interpreted as a 
productivity crash caused by an abrupt switch from a well mixed to a highly stratified water 
column [Haug et al., 1999]. This interpretation has led to the suggestion that the subarctic 
Pacific fed the North American continent with water vapour at a time crucial to ice accumulation 
because increased late summer stratification led to high SSTs, thus increasing evaporation [Haug 
et al., 2005; Swann et al., 2006]. Increased stratification, thought to have resulted from global 
cooling, may have affected the magnitude of CO2 outgassing in the North Pacific, reducing 
atmospheric pCO2 and providing a positive feedback on NH ice-sheet growth by further 
amplifying global cooling [Haug et al., 1999; Sigman et al., 2004]. 
1.2.5 Decline in atmospheric pCO2
Reconstructions of Pliocene pCO2 concentrations based on boron isotopes and alkenone-derived 
carbon isotopes display a decrease in pCO2 of ~100 ppmv approximately coincident with the 
intensification of NHG [Pagani et al., 2009; Seki et al., 2010] (Fig. 1.1C and D). These data are 
consistent with model simulations indicating that a decline in pCO2 is the most likely candidate 
for forcing NH glacial inception under a favourable orbital configuration [DeConto et al., 2008; 
Lunt et al., 2008a]. The mechanism driving the inferred pCO2 decrease in the late Pliocene 
remains unidentified. One potential mechanism that may have driven pCO2 drawdown is an 
inferred intensification of the Asian monsoon between 4.2 and 2.7 Ma and resultant weathering 
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implications [Zhang et al., 2009]. However, based on the rapidity of the pCO2 decline, Seki et 
al. [2010] hypothesise that a mechanism internal to the climate system is more likely responsible 
(e.g., enhanced carbon burial).
1.3 Thesis outline
The overarching aim of this thesis is to investigate climate variability on orbital and suborbital 
timescales during an interval crucial to the evolution of Plio-Pleistocene climate, namely the late 
Pliocene (~3.0-2.4 Ma). In Chapters 2 to 4, the emphasis is on reconstructing palaeoproductivity 
variations during this time with consideration of forcing mechanisms and climatic implications. 
To this end, I integrate biotic (calcareous nannofossils) and geochemical proxies of past 
productivity. In Chapter 5, I address the question of whether or not large-amplitude millennial-
scale variability in surface water proxies in the North Atlantic evolved alongside large NH ice-
sheets during the late Pliocene. This is achieved via the generation of high-resolution foraminiferal 
stable isotope and IRD data. Chapters 2 to 5 of this thesis have been prepared as independent 
papers for publication. Thus, to avoid repetition, these chapters are only briefly described below 
with a full abstract given at the start of each chapter. Another consequence of this formatting 
style is that relevant methods are described in each chapter rather than in a ‘Methods’ chapter. 
Additional details on some techniques are also given in Appendix B.  
1.3.1 Chapter 2: Evolution of nutricline dynamics in the equatorial 
Pacific during the late Pliocene
In this chapter, calcareous nannofossil assemblage data from the eastern and western equatorial 
Pacific Ocean are used to investigate primary productivity dynamics on orbital timescales. Key 
questions addressed:
(Q 2.1) To what extent was there an east-west productivity contrast in the Pliocene equatorial Pacific 
Ocean?
(Q 2.2) Were late Pliocene tropical productivity fluctuations driven by local or remote mechanisms?
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1.3.2 Chapter 3: Glacial-interglacial productivity changes recorded by 
alkenones and microfossils in late Pliocene eastern equatorial Pacific and 
Atlantic upwelling zones
In this chapter, records of calcareous nannofossil assemblages, siliceous fragment abundance and 
total C37 alkenone content from the eastern equatorial Pacific and Atlantic Oceans are compared 
with the aim of enhancing the understanding of export productivity proxies and reconstructing 
past productivity in upwelling regions where large productivity variations occur. Key questions 
addressed:
(Q 3.1) Is alkenone accumulation a useful indicator of total export productivity in upwelling areas?
(Q 3.2) How do glacial-interglacial timescale export productivity dynamics compare between the 
Atlantic and Pacific Ocean upwelling zones?
1.3.3 Chapter 4: High- and low-latitude calcareous nannoplankton 
responses to inferred productivity shifts during the late Pliocene
In this chapter, the biotic response of calcareous nannoplankton to an inferred secular 
productivity transition at one equatorial and one high-latitude oceanic site is quantified and 
discussed. Key questions addressed:
(Q 4.1) What is the biotic response to inferred major shifts in productivity during the late Pliocene?
(Q 4.2) What mechanisms likely forced global productivity shifts at this time?
1.3.4 Chapter 5: Millennial-scale climate variability in the subpolar 
North Atlantic Ocean during the late Pliocene
In this chapter, high-resolution IRD and planktic foraminiferal stable isotope records from 
the North Atlantic are used to test the hypothesis that large-amplitude millennial-scale climate 
variability emerged alongside the intensification of northern hemisphere glaciation. Key questions 
addressed:
(Q 5.1) Is the amplitude of millennial-scale variability a function of ice-sheet volume?
(Q 5.2) Did such variability evolve during the late Pliocene intensification of NHG?
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Chapter 2
Evolution of nutricline dynamics in the 
equatorial Pacific during the late Pliocene
This chapter is a reproduction of an article published in Palaeoceanography: 
Bolton, C.T., S.G. Gibbs and P.A. Wilson (2010), Evolution of nutricline dynamics in the 
equatorial Pacific during the late Pliocene, Palaeoceanography, 25, PA1207.  
Supplementary online-only material for this publication is included at the end of this chapter 
(Section 2.8).
2.1 Abstract
The tropics have played a central role in modulating Earth’s climate throughout the Plio-
Pleistocene, with tropical productivity fluctuations a key mechanism in the operation of the 
global carbon cycle and linkage of high and low latitude climates. Published records of tropical 
sea surface temperatures (SSTs) during the Plio-Pleistocene appear to vary primarily in tune with 
high latitude climate both on orbital and secular timescales. Yet contemporaneous changes in 
equatorial primary productivity are less well constrained, particularly at sites where climate is not 
dominated by upwelling or monsoon systems. Furthermore, the role of thermocline dynamics 
(tilt and mean depth changes) in forcing SST and productivity on orbital timescales remains 
uncertain. Here we report new, high-resolution calcareous nannofossil records from two Ocean 
Drilling Program (ODP) sites in the western and eastern equatorial Pacific (WEP, EEP) during 
marine isotope stages (MIS) 95 to 101; about 2400 to 2600 thousand years ago (ka). Our 
records of palaeoproductivity and nutricline depth reveal synchronous, large-amplitude glacial-
interglacial (G-IG) productivity variations at both ends of the equatorial Pacific indicating (i) 
remote (high latitude) forcing of primary productivity and (ii) no primary role for east-west 
tilting of the equatorial Pacific thermocline, with important implications regarding the operation 
of El Niño-like dynamics in the Pliocene Pacific. Instead, the palaeoproductivity variations and 
phase relationships that we document suggest the interaction of two mechanisms operating on 
obliquity timescales: a ‘bottom-up’ forcing transmitted via the upwelling of high latitude source 
waters in conjunction with the ‘top-down’ forcing of atmospheric greenhouse gases.
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2.2 Introduction
The equatorial Pacific Ocean is a key component of the modern global climate system because (1) 
of its sheer size, (2) it is home to the warmest body of water anywhere in the global ocean - the 
western Pacific warm pool (WPWP) - and (3) it constitutes the world’s largest oceanic source of 
water vapor and CO2 to the atmosphere. Hence, changes in the state of the ocean-atmosphere 
system across the tropical Pacific have the potential to significantly affect the global carbon cycle 
on a variety of timescales, from El Niño and the Southern Oscillation (ENSO) (see SM for 
details) to orbital, by inducing changes in biological production and carbon export, which in turn 
affect the efflux of CO2 from the equatorial Pacific upwelling regions [Cane, 1998; 2005; Chavez 
and Barber, 1987; Falkowski et al., 1998; Turk et al., 2001]. If we are to understand the role of 
the tropics in amplifying or even driving global climate change, an enhanced understanding of 
whether the equatorial biological pump is responding to local or remote (high latitude) forcing 
is required. To date there have been few pre-Pleistocene studies addressing productivity in both 
the equatorial Pacific ‘warm pool’ and ‘cold tongue’ systems, therefore our understanding of both 
mean oceanographic state and dominant forcing mechanisms prior to the evolution of strong 
east-west (E-W) Pacific oceanographic gradients is limited. 
Here we reconstruct palaeoproductivity at both ends of the equatorial Pacific using 
nannoplankton communities over three G-IG cycles key to understanding the climate history of 
the late Pliocene, MIS 95 to 101 (~2400-2600 ka). These G-IG cycles constitute the first large-
amplitude (~1 ‰ VPDB in benthic δ18O) obliquity-paced cycles of the Plio-Pleistocene secular 
cooling trend that post-date the recently hypothesised CO2 drawdown event implicated in the 
intensification of northern hemisphere glaciation [Foster et al., 2008; Lunt et al., 2008a] and 
occur at a time when the modern E-W asymmetry of tropical Pacific oceanographic conditions 
was significantly reduced (Figure 2.1). Our records shed new light on palaeoproductivity and 
nutricline depth changes during this important interval and allow us to address the following 
key questions: (1) To what extent, compared to the modern day situation, was a reduced E-W 
equatorial Pacific productivity contrast a feature of late Pliocene climate? (2) Did ENSO-like 
thermocline dynamics operate on obliquity-driven G-IG timescales during the late Pliocene? (3) 
To what degree are local versus remote mechanisms responsible for late Pliocene productivity 
forcing? (4) Is high-latitude influence on tropical productivity restricted to areas that are directly 
linked to polar regions via source waters (upwelling zones)?
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Figure 2.1: A: the LR04 global benthic oxygen isotope stack (modified from Lisiecki & Raymo 
[2005]). B: Uk’37 temperature at ODP Site 846, EEP (modified from Lawrence et al. [2006]). C: 
SST records derived from Mg/Ca ratios of Globorotalia sacculifer from ODP Site 806 (WEP, red/
solid line) and ODP Site 847 (EEP, blue/dashed line) (modified from Wara et al. [2005]). D and E: 
magnification of the LR04 global benthic oxygen isotope stack and the Site 846 Uk’37 temperature 
record over MIS 95-101. MIS = marine isotope stage. Grey shaded area represents the study 
interval.
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2.3 Equatorial Pacific dynamics
2.3.1 Secular change in Late Neogene equatorial Pacific 
hydrography
Surface water conditions in the equatorial Pacific Ocean today are characterised by strong E-W 
gradients in SST (~6 °C) and thermocline depth  (~50 m in the EEP versus >150 m in the 
WEP), with the thermocline and nutricline usually tightly coupled in tropical systems [Bjerknes, 
1969; Cane, 2005; Turk et al., 2001]. However, this E-W asymmetry central to modern equatorial 
Pacific dynamics (see Section 2.8.1) does not appear to have been a long-lived feature of Earth’s 
history. In fact, as recently as the early Pliocene warm period, 3 to 5 million years ago (Ma), 
the mean state in the equatorial Pacific appears to have been one akin to modern-day El Niño 
conditions, with weak to non-existent E-W SST gradients until around 2.3 Ma. These gradients 
attained their modern strength only around 1.7 Ma (Figure 2.1C) [Barreiro et al., 2006; Ravelo 
et al., 2006; Wara et al., 2005]. This early Pliocene state has been dubbed ‘permanent El Niño’, 
but it is important to note that this label refers to mean conditions and does not imply a lack of 
higher-frequency climate variability on ENSO timescales, variability which is clearly expressed in 
recent coupled numerical model experiments [Haywood et al., 2007]. Other modeling experiment 
results suggest that the mechanism responsible for the existence of mean El Niño-like conditions 
during the early Pliocene involves the maintenance of a deep tropical thermocline [Fedorov et al., 
2006; Philander and Fedorov, 2003]. Mean-state El Niño-like conditions may have terminated as 
a result of long-term deep-ocean cooling inducing a gradual shoaling of the tropical thermocline. 
A threshold response to this slow forcing is thought to have resulted in the emergence of cool 
tropical upwelling zones around 3 Ma. 
2.3.2 Tropical climate change on orbital timescales
2.3.2.1 Models
A mechanism involving changes in thermocline dynamics may also have operated on obliquity-
driven G-IG timescales between approximately 3 and 1 Ma [Fedorov et al., 2006; Philander and 
Fedorov, 2003]. In this hypothesis, obliquity maxima (interglacials) are associated with reduced 
oceanic heat loss in higher latitudes because of maximum solar insolation. The constraints 
imposed by a balanced global heat budget result in a deepening of the tropical thermocline and 
a switch to an El Niño-like state in the equatorial Pacific. During obliquity minima (glacials), a 
La Niña-like state is induced in the tropics because of greater heat loss at high latitudes resulting 
in a shallower thermocline and greater heat gain in low latitude upwelling zones. Crucially, this 
hypothesis of obliquity-driven changes in mean state implies both (1) fluctuations in the average 
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depth of the thermocline across the whole Pacific basin and (2) some degree of E-W seesawing 
of the tropical Pacific thermocline, similar to that observed on shorter timescales during climate 
instabilities related to ENSO [Fedorov et al., 2006]. 
2.3.2.2 Records
During the early Pleistocene and Pliocene, when G-IG cycles were predominantly paced by 
obliquity, tropical palaeoproductivity records from sites known to be influenced by monsoon 
and river systems are dominantly paced by precession [Cleaveland and Herbert, 2007; Gibbs et al., 
2004a]. In contrast, palaeoproductivity records from the EEP and the eastern equatorial Atlantic 
(EEAtl) upwelling regions are tightly coupled to SST records and show strong variance in the 
obliquity band [Cleaveland and Herbert, 2007; Gibbs et al., 2004a; Lawrence et al., 2006; Liu 
and Herbert, 2004; Mayer et al., 1992; Mix et al., 2003]. This result from the equatorial oceans 
implies strong linkages between high and low latitude climates during the 41 kyr world when, 
if anything, one might expect weaker high latitude influence on tropical climate than in the late 
Pleistocene because of smaller contemporaneous ice budgets. However, it is not clear whether 
this strong connection between high latitude climate and low latitude productivity is restricted to 
environments where polar-sourced waters exert a major influence over surface water properties, or 
whether obliquity-paced changes are a pervasive feature of equatorial productivity. 
2.4 Materials & methods
2.4.1 Site descriptions and oceanographic settings
We selected two equatorial Pacific sites to provide a direct comparison between the western warm 
pool and the eastern cold tongue (Figure 2.2). ODP Site 806 is located in the modern WPWP 
on the north-eastern margin of the Ontong Java Plateau at a water depth of 2523 m (latitude: 
0°19.1’ N, longitude: 159°21.7’ E), well above the regional lysocline located at approximately 
3400 m [Berger et al., 1982]. ODP Site 846 is located 300 km due south of the Galapagos Islands 
on the southern edge of the Carnegie Ridge (latitude: 3°5.7’ S, longitude: 90°49.07’ W, water 
depth: 3296 m), near the regional lysocline estimated at 3200 m [Hagelberg et al., 1995]. Site 846 
is located in the EEP cold tongue, where the Humboldt Current and the Southern Equatorial 
Current merge (Figure 2.2). The shoaling of the Equatorial Undercurrent (EUC) and advection 
of water from the eastern boundary current flowing along the Peru-Chile margin results in the 
upwelling of cool nutrient-rich water in this region of the EEP. ODP Sites 806 and 847, the latter 
being close to Site 846 in the EEP, have been previously examined in order to understand the 
evolution of E-W temperature gradients [Wara et al., 2005].
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2.4.2 Age models and sampling
Age models (Figure 2.3) were constructed by tuning the benthic δ18O stratigraphies of both ODP 
sites (Site 806: Karas et al. [2009]; Site 846: Shackleton et al. [1995]) to the LR04 global benthic 
oxygen isotope stack [Lisiecki and Raymo, 2005] using Analyseries [Paillard et al., 1996]. Average 
sedimentation rates at Sites 806 and 846 during the interval of study were 2.8 cm/kyr and 5.3 
cm/kyr respectively. Site 806 was sampled at 5 cm intervals and Site 846 was sampled at 10 cm 
intervals, resulting in an average temporal resolution of approximately 2 kyr for both sites. 
Figure 2.2: Map of ocean colour in the modern tropical Pacific displaying the location of sites 
used in this study (solid circles), sites discussed (open circles) and main equatorial ocean currents 
(circulation adapted from Kessler [2006]). NEC = North Equatorial Current, NECC = North 
Equatorial Counter Current, SEC = South Equatorial Current, EUC = Equatorial Undercurrent, 
HC = Humboldt Current. Dashed arrows represent subsurface currents and solid arrows represent 
surface currents. Ocean colour data is derived from SeaWIFS satellite data (http://seawifs.gsfc.
nasa.gov/SEAWIFS.html) (during boreal autumn/austral spring over period 1997-2007) and 
records Chlorophyll a concentration. Ocean colour is therefore representative of phytoplankton 
productivity, and illustrates the contrast between the high-productivity EEP and equatorial 
divergence region and the oligotrophic WEP. The yellow bar shows the estimated modern-day 
position of the front between the west Pacific warm pool (WPWP) and the Pacific equatorial 
divergence (PEQD).
Chapter 2: late Pliocene equatorial Pacific Ocean palaeoproductivity    17
2.4.3 Nannofossil counts
Whole assemblage calcareous nannofossil counts (i.e., all species were counted) were carried out 
following the counting strategies of Backman & Shackleton [1983] and Flores et al. [1995] from 
smear slides prepared using standard techniques [Bown and Young, 1998] and all counts were 
performed on a cross-polarizing microscope at x1500 magnification. In a first count, all specimens 
were counted from a minimum of eight fields of view (FOV), until a statistically significant total 
of at least 450 nannofossils was obtained. A second count was performed from an additional 
approximately 40 FOV or 100 less common individuals in order to better quantify the relative 
abundances of the less common taxa, i.e., those with abundances <2 % in the first count. The 
taxonomy of Perch-Nielsen [1985] and Young [1998] was followed throughout. The number of 
terrigenous particles, foraminifera fragments and siliceous fragments (>3 µm) were also counted 
in FOV of the first count. These were normalized to nannofossil abundances by dividing the 
number of, for example, siliceous fragments by the number of nannofossils counted in the same 
FOV. 
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Figure 2.3: Age models for A: ODP Site 806 and B: ODP Site 846 based on the tuning of their 
benthic isotope stratigraphies (Karas et al. [2009] and Shackleton et al. [1995] respectively) to the 
LR04 benthic oxygen isotope stack [Lisiecki and Raymo, 2005]. The break at ~2475 ka represented 
by a grey bar in the ODP Site 806 record results from a coring gap.
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2.4.4 Nannofossil-based indicators of oceanographic change and 
CaCO3 dissolution
To highlight the main trends in the assemblage, data are presented as individual species or as 
grouped genera. Species groupings were made based on taxonomic and palaeoecological affinities 
in the modern ocean and inferences from the fossil record (Table 2.2). We focus on a ‘cool 
mesotrophic’ rather than a ‘warm oligotrophic’ group because the mesotrophic species present in 
our Pliocene samples are more consistently associated with specific conditions both in the modern 
ocean and the fossil record than their oligotrophic counterparts. Included in this cool-water 
mesotroph group are Reticulofenestra species (>3 µm), Calcidiscus species, Coccolithus pelagicus 
and Pseudoemiliania species (Table 2.2). Small (<3 µm) placolith-bearing coccoliths from the 
Noelaerhabdaceae family are hereafter termed very small Reticulofenestrids (VSR). VSR relative 
abundances were used in conjunction with Florisphaera profunda (Fp) abundances to monitor 
nutricline depth by producing the so-called N ratio (N), following Flores et al. [2000] as applied 
to the equatorial Atlantic and subsequently also applied to the EEP [López-Otálvaro et al., 2008]. 
The similar dissolution susceptibilities of VSR and F. profunda indicate that the ratio between 
them is unlikely to be significantly skewed by differential dissolution [Gibbs et al., 2004b].
 N = VSR/(VSR + Fp)
The relative abundance of F. profunda has been successfully applied to reconstruct changes in 
primary production [Beaufort et al., 1997; Beaufort et al., 2001; de Garidel-Thoron et al., 2001] 
and nutricline depth [Flores et al., 2000; López-Otálvaro et al., 2008; Molfino and McIntyre, 
1990] in tropical systems during the Pleistocene to Recent because of its specific depth habitat. 
F. profunda inhabits the lower photic zone (~60 to 180 m), so is most relatively abundant when 
surface waters are oligotrophic and upper photic zone productivity is low. 
We experimented with a number of nannofossil-based preservation indices as proxies for CaCO3 
dissolution, including the ratio of Discoaster fragments to whole Discoaster, a ratio of dissolution-
susceptible to dissolution-resistant nannofossil species and the level of disarticulation in 
Calcidiscus leptoporus shields. The latter provided the best way to decouple variations attributable 
to dissolution from those attributable to ecological variations. This dissolution index (DI) is 
based on the ratio of isolated (IS) to articulated (AS) C. leptoporus shields following McIntyre & 
McIntyre [1971] and applied in Matsuoka [1990], Findlay & Giraudeau [2002] and Blaj et al. 
[2009] using the formula:
 DI = IS/(IS+AS)
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2.4.5 Spectral and cross-spectral analyses
Spectral analyses were carried out to investigate whether significant orbital frequencies were 
present in the data using the Singular Spectrum Analyses –MultiTaper Method (SSA-MTM) 
Toolkit Version 4.4; software specifically designed to analyse short noisy time series [Ghil et al., 
2002]. Data from both sites were interpolated to achieve a constant sampling resolution of 2 kyr, 
as close as possible to the original resolution of the data. Cross-spectral analyses were carried out 
using the ARAND Time-Series Analysis Software [Howell et al., 2006] in order to quantify phase 
lags between records. 
2.5 Results & discussion
2.5.1 No evidence for strong assemblage control by dissolution
Several lines of evidence indicate that our equatorial Pacific nannofossil assemblage patterns 
are not controlled by dissolution. First, whereas CaCO3 accumulation at Site 846 shows strong 
G-IG cyclicity with CaCO3 minima occurring during glacials [Mix et al., 1995], our DI at both 
sites shows no systematic G-IG change or correlation with the Site 846 CaCO3 record (Figure 
2.4). This implies that changes in the ratio of carbonate to non-carbonate material rather than 
dissolution are responsible for the structure of the CaCO3 record. Second, both dissolution-
susceptible and dissolution-resistant species display abundance peaks during carbonate minima 
(glacials) (Figure 2.10). Third, siliceous fragment counts carried out simultaneously to calcareous 
nannofossil counts in this study indicate higher siliceous productivity during glacials (see Chapter 
3), suggesting that dilution by biogenic opal is controlling G-IG variability in the Site 846 percent 
CaCO3 record. Fourth, at nearby Site 847 (water depth: 3334 m) (Figure 2.2), the CaCO3 record 
shows a strong negative correlation with opal content and no correlation with a foraminiferal 
fragmentation index, implying that productivity is responsible for the structure of this CaCO3 
time series [Murray et al., 1995]. 
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2.5.2 Reduced E-W productivity contrast during the late Pliocene
We identify a total of 28 and 29 calcareous nannofossil species in the WEP and the EEP 
respectively, with a similar, diverse nannofossil assemblage found at both sites. Both 
assemblages are dominated by VSR and Florisphaera profunda and include species of the 
genera Reticulofenestra, Pseudoemiliania, Calcidiscus, Discoaster, Helicosphaera, Pontosphaera, 
Umbilicosphaera, Coccolithus, Syracosphaera and Thoracosphaera (Figure 2.5). The similar species 
richness at both sites is in contrast to late Pleistocene Pacific nannofossil assemblages, which show 
greater disparity between the EEP and the WEP in terms of both species diversity and relative 
contributions to the assemblage [Chiyonobu et al., 2006]. 
All of our floral data from both sites indicate enhanced productivity during glacials compared 
to interglacials (Figures 2.6 and 2.7). The N ratio nutricline depth index indicates a shallower 
nutricline and therefore higher productivity during glacials compared to interglacials at both 
Pacific end-members (Figure 2.6), with G-IG variability of similar magnitude at both sites. 
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Figure 2.4: A: Benthic oxygen isotope record [Shackleton et al., 1995] (black/dashed line) and 
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Consistent with the N ratio data, the cool-water mesotroph group shows greater relative 
abundance during glacials than interglacials at both sites and constitutes a larger proportion of 
the assemblage in the EEP (14 to 39 %) than in the WEP (3 to 21 %) (Figure 2.7). A longer-
term trend is also discernible at the two Pacific sites, with the cool-water mesotrophs indicating 
increasing oligotrophy over time in the WEP and increasing mesotrophy over time in the 
EEP. Coccolithus pelagicus, a species included in the cool-water mesotroph group, is also shown 
individually because, uniquely within our assemblages, its abundance patterns show strong visual 
correlation with precession at both sites (Figure 2.7). 
B: EEP Site 846 
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Figure 2.5: Pie charts displaying the relative contribution of different genera/species to the 
calcareous nannofossil assemblage averaged over the study interval at A: ODP Site 806 and B: 
ODP Site 846.
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Furthermore, we also consider the relative abundances of Florisphaera profunda in isolation 
for comparison with other studies. This species accounts for on average 27 % and 20 % of 
the nannofossil assemblage in the WEP and EEP respectively, with both records displaying 
abundance minima during glacials (Figure 2.7). Our late Pliocene F. profunda abundance ranges 
in the EEP are similar to those of the late Pleistocene, however WEP F. profunda abundances 
are substantially lower in the late Pliocene (12 to 43 %) than the late Pleistocene (26 to 96 %) 
(Table 2.3). This suggests that the mean oceanographic state of the WEP was significantly less 
oligotrophic with a shallower nutri-thermocline during the late Pliocene than the late Pleistocene, 
resulting in shallower E-W equatorial Pacific oceanographic gradients. 
The calcareous nannofossil assemblages in the WEP and EEP during the late Pliocene are 
consistent with planktic foraminiferal faunal records from ODP Sites 806 and 847 that indicate 
a shallower WEP thermocline during the mid and late Pliocene than in the late Pleistocene 
[Chaisson, 1995; Chaisson and Ravelo, 2000]. The similar species richness at both sites is also in 
keeping with Plio-Pleistocene Mg/Ca and δ18O datasets that imply a reduced SST gradient (~2 
°C) between the WEP and the EEP between 5.3 and 1.7 Ma [Wara et al., 2005] compared to the 
modern SST difference of approximately 6 °C (Figure 2.1C). 
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Figure 2.7: Species with significant orbital frequencies in their (unsmoothed) relative abundance 
variations: Florisphaera profunda (note inverted axis), the cool-water mesotroph group and 
Coccolithus pelagicus at ODP Site 806 (A, C and E) and Site 846 (B, D and F). Astronomical time 
series are based on Laskar et al. [2004] and computed using Analyseries [Paillard et al., 1996]. MIS = 
marine isotope stage. The break at ~2475 ka in the ODP Site 806 record results from a coring gap.
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2.5.3 Sedimentation rates and productivity
Sedimentation rate variations provide a first-order indication of productivity changes at our 
above-the-lysocline sites. On secular timescales, equatorial Pacific sedimentation patterns 
[Kroenke et al., 1991; Mayer et al., 1992] support our interpretation of higher productivity in 
the WEP and similar levels of EEP productivity during the late Pliocene as compared to the late 
Pleistocene. In Figure 2.11, we show that, for our study interval, mean glacial sedimentation 
rates are consistently higher than mean interglacial rates at both sites, supporting the view that 
productivity levels in the equatorial Pacific were consistently enhanced during glacials relative 
to interglacials. The higher sedimentation rates at Site 846 compared to Site 806 during MIS 
95-101 are primarily attributable to abundant diatoms at the EEP site, which occur at a diatom 
fragment to coccolith ratio of ~1:1 and ~0.1:1 during glacials and interglacials, respectively (See 
Chapter 3). This finding implies that a higher productivity regime existed in the EEP than in 
the WEP. This pattern is noticeable in nannofossil assemblages, for example by the suppressed 
abundance of Discoaster at the eastern site, but overall assemblage composition is similar between 
east and west (Figure 2.5). This picture is consistent with previous work on Plio-Pleistocene 
tropical nannofossil assemblages from varying productivity regimes [Gibbs et al., 2004a; Kinkel 
et al., 2000; Young, 1994], illustrating that the same species often dominate assemblages with 
attendant subtle changes in the contributions of subordinate species and the relative dominance 
of Reticulofenestra and Gephyrocapsa species versus F. profunda.
2.5.4 A westward extension of the zone of Pacific equatorial 
divergence?
The imprint of coastal upwelling at Site 846 is readily discernible by a greater abundance of 
cool-water mesotrophs, marginally higher N ratios, and significantly more siliceous fragments 
(See Chapter 3) in the EEP than in the WEP. Alkenone, organic carbon, and bulk sediment 
accumulation rates from the EEP corroborate the interpretation that nutrient-rich waters were 
upwelling in the EEP during our study interval, despite warmer than modern SSTs [Dekens et al., 
2007; Lawrence et al., 2006; Mayer et al., 1992]. In order to reconcile the similarity in terms of 
calcareous nannofossil assemblages that we observe between the WEP and the EEP during the 
late Pliocene relative to the late Pleistocene, we implicate movements of the strong salinity and 
pCO2 front between the WPWP and the zone of Pacific Equatorial Divergence (PEQD- a high 
productivity upwelling belt along the equator). In the modern ocean, this front is estimated to sit 
at an average longitude of 178 °W (Figure 2.2) [Le Borgne et al., 2002] and has been documented 
to move between 160 °W and 170 °E in response to climate oscillations related to ENSO [Inoue 
et al., 1996]. It is therefore highly plausible that this oceanographic front has shifted on longer 
timescales under the influence of large-scale climate change. A shallower nutricline/thermocline 
(this study) and about 2 °C cooler SSTs [Wara et al., 2005] in the WEP implies that the front 
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between the WPWP and the PEQD was located west of ODP Site 806 (159 °E) during the late 
Pliocene. Additionally, a comparison of sedimentation rate changes between the WEP ODP 
Leg 130 sites indicates that the equatorial upwelling belt was significantly wider during the late 
Pliocene than in the Pleistocene [Kroenke et al., 1991].
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line shows the median of the data. Note log scale on all y-axes.
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2.5.5 High-latitude control of equatorial productivity
Spectral analyses of the variance of individual and grouped species abundances reveal spectral 
power concentrated in both the obliquity (41 ky) and precession (19 and 23 ky) bands (Figures 
2.7 and 2.8). Spectral peaks at the 41 ky period are significant for Florisphaera profunda and the 
cool-water mesotroph group at both sites (Figure 2.8A to D). In contrast, the apparent 41 ky 
cyclicity in VSR abundances is a secondary feature, the result of mirrored (opposite) variation 
patterns with F. profunda abundance, as revealed by repeat spectral analyses with F. profunda 
excluded from relative abundance calculations. The 23 ky precession period is expressed at 
significant levels at both sites by one coccolithophore species: Coccolithus pelagicus (Figure 2.8E 
and F). When isolated, the C. pelagicus variance in the precession band appears anti-phased 
between the EEP and the WEP (Figure 2.9A). 
While 41 ky pacing of surface water conditions in the Pliocene and early Pleistocene EEAtl and 
EEP have been demonstrated elsewhere (see Section 2.3.2.2), our new records from the WEP 
show that this high latitude forcing paced by Earth’s obliquity was a pervasive feature of tropical 
productivity in the late Pliocene and was not restricted to classic upwelling areas. Considered 
in isolation, the anti-phase E-W precession components of the Coccolithus pelagicus data might 
point to an E-W rocking of the thermocline on precessional timescales, as observed in the late 
Pleistocene tropical Pacific [Beaufort et al., 2001]. However, the lack of precessional power in any 
other species, especially the thermocline-dweller Florisphaera profunda, means that thermocline 
tilting on this timescale cannot be held to account for community-wide patterns of variance.
Knowing that precession is the dominant influence on solar forcing in the tropics, the limited 
amount of variance in the precession band (C. pelagicus aside) implies that our records are not 
primarily forced by local seasonal insolation. This implicates remote (high latitude) forcing of 
equatorial productivity, which is an important finding because most tropical palaeoproductivity 
records from the late Pleistocene are dominated by regional processes driven by local insolation, 
e.g., Beaufort et al., [1997; 2001], Budziak et al. [2000], Holbourn et al. [2005], Molfino & 
McIntyre [1990], Perks et al. [2002], Rostek et al. [1997]. 
 
Potentially, the prevalence of obliquity-paced tropical climate records in our study might 
be reconciled by considering the sum of insolation anomalies over the annual cycle. Unlike 
precession, obliquity variations alter the mean annual insolation received at all latitudes, thereby 
altering the meridional insolation gradient. Nevertheless, the direct effect of orbital tilt variations 
on mean annual insolation is small at the equator (~3 W m-2 or an annual change of less than 0.5 
% [Lee and Poulsen, 2008]) and requires significant amplifiers in the climate system to translate 
an obliquity forcing into large-scale climate change  [Lee and Poulsen, 2008; Loutre et al., 2004; 
Raymo and Nisancioglu, 2003]. Additionally, the association of cool tropical SSTs and high 
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productivity with obliquity minima (Figure 2.7) confirms that our equatorial records cannot 
be explained by changes in local (equatorial) mean annual insolation, which is itself 180° out of 
phase with obliquity. This finding provides further support for remote climatic forcing of our 
records. Below we evaluate a series of hypotheses capable of explaining this key observation.
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Figure 2.9: A: The 23 ky component of the Coccolithus pelagicus relative abundance data at ODP 
Sites 806 (red diamonds/dotted line) and 846 (blue circles/dashed line) plotted against precession 
(black solid line) B: The 41 ky component of Florisphaera profunda abundance data at ODP Sites 
806 and 846 plotted against obliquity. Cross-spectral analysis reveals a phase difference of 3410 
(±1735) years at the >95 % confidence level in the obliquity band. C: The 41 ky component of the 
cool-water mesotroph group abundance data at ODP Sites 806 and 846 plotted against obliquity. 
Astronomical time series are based on Laskar et al. [2004] and computed using Analyseries 
[Paillard et al., 1996].
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2.5.6 Potential mechanisms for obliquity control
2.5.6.1 Thermocline ventilation
Our floral data reveal that surface productivity fluctuations on 41 kyr timescales are in phase 
between the EEP and the WEP. This finding rules out the possibility that G-IG changes in 
productivity were controlled by E-W seesawing of the equatorial thermocline because this process 
would have resulted in anti-phased assemblage variations. In principle, basin-wide diabatic 
movements of the equatorial thermocline on G-IG timescales are a second mechanism by which 
thermocline ventilation has the potential to impact on productivity [Fedorov et al., 2006]. The 
modern WEP thermocline is so deep (>150 m) that its vertical excursions have virtually no effect 
on surface waters [Turk et al., 2001]. Therefore, the similar amplitude of the G-IG productivity 
fluctuations that we find in the Pliocene EEP and WEP can only be explained by changes in 
average thermocline depth if the late Pliocene WEP thermocline was substantially shallower 
than its modern counterpart. Furthermore, the likelihood of basin-wide diabatic movements 
of the thermocline being responsible for the obliquity-paced variations that we observe gains 
little support from early Pleistocene studies. These reveal remarkable similarity of phasing and 
amplitude between SSTs in the WPWP and the EEP cold tongue on obliquity timescales at a 
time when E-W Pacific asymmetry in thermocline depth is thought to have been well established 
(Section 2.3.1) [de Garidel-Thoron et al., 2005; Lea et al., 2000; Medina-Elizalde and Lea, 2005]. 
2.5.6.2 Trade wind variability
A second hypothesis capable of explaining the obliquity-paced productivity oscillations in our 
records is changes in trade wind strength and their role in stimulating equatorial and coastal 
upwelling [Sarnthein and Winn, 1988]. Modeling studies (e.g., Bush & Philander [1998]) 
as well as the close coupling of SSTs and productivity on G-IG timescales during the early 
Pleistocene in the EEP and the EEAtl upwelling regions point to stronger trades during glacials 
than interglacials [Cleaveland and Herbert, 2007]. However, the implication of this reasoning 
is a strengthening of E-W SST and sea level pressure gradients during glacials and a resultant 
deeper thermocline in the WEP [Bjerknes, 1969]. This is inconsistent with our near synchronous, 
same-amplitude productivity variations between the WEP and the EEP and implies that changes 
in equatorial trade wind strength on 41 kyr timescales could not have been large enough to 
significantly affect the E-W tilt of the thermocline. One would theoretically expect tropical wind 
fields to be dominantly forced by local insolation. However, the lack of widespread precessional 
power in our records either attests to comparatively minor variability in trade wind strength 
at precessional timescales during the late Pliocene or implies that nannofossil assemblages 
are relatively insensitive to this forcing in comparison to G-IG climate change and associated 
feedbacks at this time.
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2.5.6.3 Atmospheric greenhouse gas concentrations
Climate model simulations for the last glacial period indicate that atmospheric CO2 
concentrations are the dominant source of radiative forcing in the tropics [Broccoli and Manabe, 
1987; Broccoli, 2000] and greenhouse gas concentrations are proposed as the most plausible 
mechanism capable of synchronizing tropical SSTs across the Pleistocene Pacific [Medina-Elizalde 
and Lea, 2005]. The strong correspondence documented between an EEP SST record and the 
Vostok ice-core CO2 record provides evidence that atmospheric CO2 is the dominant control on 
tropical climate on orbital timescales during the late Pleistocene [Lea, 2004]. Furthermore, the 
consistently observed lead of several thousand years of productivity and SST over benthic δ18O in 
Plio-Pleistocene records [Gibbs et al., 2004a; Lawrence et al., 2006; Lea, 2004; Liu and Herbert, 
2004; Medina-Elizalde and Lea, 2005] rules out the possibility that equatorial surface water 
processes were directly forced by high-latitude ice sheets and their effect on the radiation budget. 
Therefore, a role for greenhouse gases and their associated biogeochemical feedbacks (e.g., via 
SST and dust fertilization changes) on 41 ky timescales in producing the near-synchronous, same 
amplitude surface productivity fluctuations during the late Pliocene in the WEP and the EEP 
seems likely.
2.5.6.4 Stratification changes
Another plausible mechanism operating on obliquity timescales involves changes in the flux of 
nutrients from deep waters into the photic zone. An enhanced nutrient flux might result from a 
reduced vertical temperature gradient across the thermocline associated with lower glacial SSTs 
[Federov and Philander, 2001]. Weakened thermal stratification has been hypothesised to account 
for greater equatorial Pacific productivity during the late Pleistocene glacials [Beaufort et al., 
2001]. We invoke the involvement of a similar mechanism to account for higher glacial biological 
productivity in both the WEP and the EEP during the late Pliocene. If Site 806 were located 
beneath the PEQD during this time as we suggest (see Section 2.5.4), this would have created a 
Pacific-wide connection between surface waters and high latitude mode waters via upwelling from 
the EUC. 
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Site Parameter 41 kyr band 23 kyr band
Phase relationship relative to benthic δ18O
806 F. profunda (%) 11.45° (±11.24°) = 1304 yr (±1280 yr)
(> 95% coherency)
14.87° (±0) = 950 yr
(> 80% coherency)
806 Cool-water mesotrophs (%) -15.74° (±13.24°) = -1819 yr (±1530 yr)
(> 80% coherency)
< 80% coherency
806 N ratio 11.27° (±12.14°) = 1284 yr (±1383 yr)
(> 95% coherency)
10.82° (±0) = 691 yr
(> 80% coherency)
846 F. profunda (%) -22.36° (±17.97°) = -2547 yr (±2047 yr)
(> 95% coherency)
< 80% coherency
846 Cool-water mesotrophs (%) -4.99° (±21.01°) = -568 yr (±2393 yr)
(> 95 % coherency)
< 80% coherency
846 N ratio -23.84 °(±19.62 °) = -2715 yr (±2235 yr)
(> 95% coherency)
< 80% coherency
Phase relationship relative to local summer insolation
806 C. pelagicus (%) < 80% coherent -74.3° (±25.9°) = -4747 yr 
(±1655 yr)
(> 80% coherency)
846 C. pelagicus (%) < 80% coherent < 80% coherency
Phase relationship relative to Site 846 F. profunda (%)
806 F. profunda (%) 29.94 ° (±15.23 °) = 3410 yr (±1735 yr)
(> 95% coherency)
< 80% coherency
Phase relationship relative to Site 846 N ratio
806 N ratio 29.63 ° (±16.40 °) = 3375 yr (±1868 yr)
(> 95% coherency)
< 80% coherency
2.5.7 Top-down and bottom-up forcing on coccolithophore 
assemblages
Phase relationships between our records of palaeoproductivity in the EEP and WEP provide 
evidence for the imprint of at least two mechanisms operating on obliquity timescales (Table 
2.1, Figure 2.9). In Figures 2.9B and 2.9C, we filter our Florisphaera profunda and cool-water 
mesotroph abundance records leaving only the obliquity components of these series. Of note 
are the close phasing between high latitude obliquity variations and F. profunda abundances 
 
Table 2.1: Phase relationships of nannofossil palaeoproductivity indicators/species relative to the 
benthic δ18O record of Site 846 [Shackleton et al., 1995] tuned to the LR04 benthic oxygen isotope 
stack [Lisiecki and Raymo, 2005]. Phase relationships relative to summer insolation (21st June -21st 
Sept.) are computed at 3°S for EEP runs and 0.2°N for WEP runs using Analyseries [Paillard et 
al., 1996]. Phase relationships between EEP and WEP F. profunda and the N ratio are also shown. 
Positive values indicate a lead of δ18O (ice volume) over nannofossil proxies and negative values 
indicate a lead of nannofossil proxies over δ18O.
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(Figure 2.9B) and also the near anti-phase behavior of the cool-water mesotrophs at both sites 
with respect to obliquity (Figure 2.9C). Figure 2.9B illustrates the 3.4 (±1.7) ky phase difference 
between EEP and WEP F. profunda abundances in the obliquity band. Consideration of this 
phase difference in the thermocline-dwellers while the surface-dwellers vary in phase between 
east and west implies the interaction of two different mechanisms both varying on obliquity 
timescales: (1) a ‘top-down’ forcing that acts on equatorial Pacific surface waters in a uniform 
manner (namely, atmospheric greenhouse gas concentrations) and (2) a ‘bottom-up’ forcing being 
transmitted via the thermocline from deeper waters, the effect of which is somehow felt in the 
EEP before it reaches the WEP (namely, stratification changes). This ‘bottom-up’ forcing likely 
originates in southern high latitudes, because the upwelling of subantarctic mode waters from 
the EUC provides a direct connection between the equatorial Pacific and the Southern Ocean 
[Harper, 2000; Sarmiento et al., 2004]. 
2.6 Summary & conclusions
Calcareous nannofossil records from the WEP and the EEP over three obliquity-paced G-IG 
cycles reveal large amplitude, near synchronous variations in late Pliocene nutricline depth and 
productivity.
Key findings:
 (1) We report remarkably similar nannofossil assemblages in terms of species richness and 
composition in both of our equatorial Pacific sites. This result attests to reduced E-W equatorial 
Pacific oceanographic gradients as previously inferred from SST and faunal datasets during the 
late Pliocene relative to today.
(2) We find that the WEP nutricline/thermocline was shallower during the late Pliocene than 
during the late Pleistocene. We suggest that this results from a more westward position of the 
front between the WPWP and the PEQD than today, implicating upwelling from the EUC into 
the surface waters overlying Site 806 during our study interval.
(3) Limited evidence for local (precessional) forcing of productivity is found at both sites. 
However, the main orbital variance in nannofossil assemblages occurs in the obliquity band, 
implicating remote (high latitude) control of Pliocene tropical productivity in both the western 
and eastern equatorial Pacific.
(4) We find no evidence for productivity control by either E-W tilting or basin-wide diabatic 
movements of the thermocline with important implications for the debate over the operation of 
ENSO-like dynamics in the Pliocene tropical Pacific.
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(5) We find a 3.4 (±1.7) ky phase difference between EEP and WEP thermocline-dwelling 
nannofossils while photic zone assemblages vary in phase with one another at the two sites. This 
implicates the operation of top-down (atmospheric CO2) and bottom-up (nutrient supply) 
teleconnections between the high latitudes and the tropics.
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2.8 Supporting auxiliary material 
2.8.1 Modern equatorial Pacific dynamics and ENSO
Surface water conditions in the modern equatorial Pacific Ocean are strongly influenced by 
the Southern Oscillation - a seesawing atmospheric mass that sets up a sea level pressure (SLP) 
difference between the east and west of the basin [Cane, 2005]. The surface waters of the EEP are 
4 to 10 °C cooler than their WEP counterparts despite receiving identical amounts of direct solar 
radiation. This cool EEP results from the transport of South Pacific water into the area, a shallow 
thermocline and upwelling associated with the action of the easterly trade winds, themselves 
sensitive to E-W SLP and SST gradients. The overall effect of the trades is to push surface water 
towards the west, creating an E to W sea surface slope. In other words, the ‘normal’ state of the 
tropical Pacific is maintained by a positive feedback mechanism in which cool temperatures in the 
EEP drive stronger easterly winds, which then drive increased upwelling causing the thermocline 
to shoal further, making EEP SSTs cooler still [Bjerknes, 1969]. 
During a modern-day El Niño event, with effects on (sub) decadal timescales, warming of the EEP 
is associated with reduced E-W SST and SLP gradients and weaker easterlies. The warm water 
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that is usually piled up in the WEP ‘sloshes’ eastwards. Weaker winds lead to weaker upwelling 
and a depressed thermocline in the EEP [Bjerknes, 1969; Cane, 2005]. The thermocline and 
nutricline, which are usually coupled in tropical waters, shoal in the WEP increasing rates of new 
primary production [Turk et al., 2001]. Thus, the oscillation between ‘normal’ (La Niña) and El 
Niño states is controlled by the tilt and average depth of the thermocline (i.e., the heat content in 
the surface body of water) [Cane, 2005]. 
2.8.2 The palaeoceanographic value of calcareous nannofossils 
Coccolithophores are unique among the phytoplankton in playing a large role in both the organic 
and inorganic carbon cycles [Winter et al., 1994]. Quantitatively, coccolithophores are one of 
the most important groups of calcifying organisms in the modern ocean, constituting 60 to 
70% of total carbonate in some oligotrophic areas [Baumann et al., 2004]. The calcite skeletons 
of coccolithophores are readily preserved in marine sediments above the calcite compensation 
depth and are widely used to reconstruct surface water conditions. Modern biogeographic 
distribution patterns of coccolithophores are controlled by latitudinal temperature gradients 
[McIntyre and Bé, 1967; Okada and Honjo, 1973] as well as nutrient availability and other biotic/
abiotic parameters. The partitioning of coccolithophores between eutrophic versus oligotrophic 
environments demonstrates the contrasting r- and K-selection life strategies employed by different 
species [Aubry, 1992; Young, 1994]. Whereas r-selected species flourish in dynamic environments 
and are able to respond quickly to favorable conditions (e.g., the injection of nutrients), 
K-selected species predominate in stable stratified waters, with their ability to utilise limited 
resources giving them a competitive advantage. 
2.8.3 Inclusions in the cool-water mesotroph group
A number of inferred mesotrophic placolith-bearing species were grouped together to form a 
cool-water mesotroph group. Species included in this group are Calcidiscus spp., Coccolithus 
pelagicus, Reticulofenestra spp. (>3 µm) and Pseudoemiliania spp. Small (<3 µm) placcolith-
bearing coccoliths from the Noelaerhabdaceae family are termed very small Reticulofenestrids 
(VSR). This group is principally composed of Reticulofenestra minuta but probably also includes 
a few small specimens of Gephyrocapsa spp. and Pseudoemiliania spp. due to the difficulty of 
identification to species level at this size. Although VSR are ecologically an important component 
of the cool-water mesotroph group (Table 2.2), they were reported separately to avoid problems 
arising from the closed sum effect and because they were also used in the N ratio.
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2.8.4 Taxonomic index
Calcidiscus leptoporus (Murray & Blackman) Loeblich and Tappan, 1978
Calciosolenia murrayi Gran, 1912
Cd. macintyrei (Bukry and Bramlette, 1969a) Loeblich and Tappan, 1978 (>10 µm)
Cd. tropicus Kamptner, 1956 sensu Gartner, 1992 (<10 µm)
Ceratolithus Kamptner, 1950. Species were not differentiated
Coronosphaera Gaarder in Gaarder and Heimdal (1977) Species were not differentiated
Coccolithus pelagicus (Wallich, 1877) Schiller, 1930 Wide range of morphotypes. Specimins 
with central area open or transverse bar reported separately. Small (5-10 µm) and large (>10 µm) 
morphotypes reported separately.
Discoaster assymetricus Gartner, 1969c
D. brouweri Tan, 1927b emend. Bramlette and Reidel, 1954
D. pentaradiatus Tan, 1927b
D. surculus Martini and Bramlette, 1963
D. triradiatus Tan 1927b
Florisphaera profunda Okada and Honjo, 1973
Gephyrocapsa < 3.5 Am. Arbitrary size subdivision following Rio et al. (1990)
Helicosphaera carteri (Wallich, 1877) Kamptner, 1954
H. carteri var. wallichii (Lohmann, 1902) Theodoridis, 1984
H. sellii (Bukry and Bramlette, 1969b) Jafar and Martini, 1975
Pontosphaera discopora Schiller, 1925
P. japonica (Takayama, 1967) Nishida, 1971
P. multipora (Kamptner, 1948) Roth, 1970
Pseudoemiliania lacunosa (Kamptner, 1963) Gartner, 1969c
P. ovata (Bukry, 1973b) 
Reticulofenestra Hay et al, 1966. These are generally size-defined following the taxonomy of Young 
(1998)
R. haqii Backman, 1978/R. spp. 3– 5 µm
R. minuta Roth, 1970/R. spp. < 3 µm (VSR)
R. pseudoumbilicus (Gartner, 1967b) Gartner, 1969c. R. spp. >7 µm
R. spp. 5 –7 Am, noted by Backman and Shackleton (1983)
Rhabdosphaera Haeckel, 1894. Species were not differentiated
Scyphosphaera Lohmann, 1902. Species were not differentiated
Sphenolithus abies Deflandre in Deflandre and Fert, 1954. Reworked (rare)
Syracosphaera pulchra Lohmann, 1902
Tetralithoides Theodoridis, 1984 emend. Jordan et al., 1993. Species were not differentiated
Thoracosphaera Kamptner, 1927 Calcareous dinocyst species were not differentiated 
Umbilicosphaera jafari Müller, 1974b
U. rotula (Kamptner, 1956) Varol, 1982
U. sibogae var. foliosa (Kamptner, 1963) Okada and McIntyre, 1977
U. sibogae var. sibogae (Weber-van Bosse, 1901) Gaarder, 1970
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Figure 2.11: Average glacial and interglacial sedimentation rates at A: ODP Site 806 and B: ODP 
Site 846. Glacial versus interglacial conditions were defined based on benthic δ18O values. Glacials 
MIS 96, 98 and 100 are defined by benthic δ18O values above 3.8 ‰ (corrected to equilibrium 
calcite). These values approximately coincide with the midpoints of glacial inceptions and 
terminations.
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Figure 2.10: Abundance pattern of A: dissolution-resistant and B: dissolution-susceptible species 
at ODP Sites 806 (red diamonds/solid lines) and 846 (blue circles/dashed lines). Resistant species: 
Discoaster spp. (excluding D. pentaradiatus due to its extinction in this interval), Calcidiscus tropicus 
and Calcidiscus macintyrei. Susceptible species: Pontosphaera spp., Helicosphaera spp., Syracosphaera 
pulchra, Thoracosphaera spp., Umbilicosphaera sibogae var. sibogae and U. jafari. Susceptibility 
rankings based on Gibbs et al. [2004b]. MIS = marine isotope stage.
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Table 2.2: Summary of the modern and fossil ecologies of the nannofossil genera identified in 
Pliocene equatorial Pacific samples and their applicability to Pliocene palaeoceanographic studies.
Genus/Species Ecology/Biogeography
Calcidiscus Modern ocean 
distribution
C. macintyrei and C. tropicus extinct. 
C. leptoporus: r-selected placolith[1], second most ubiquitous 
species after Emiliania huxleyi[2]. Large biogeographic range 
defined by 2 ºC isotherm[2], present in subarctic and subant-
arctic waters[2, 3]. Adapted to fertile waters in modern equato-
rial Pacific[4]
Fossil 
distribution
C. macintyrei and C. tropicus extinctions in late Pliocene[5].
C. leptoporus: Recent: greater abundance during cold phases of 
Pacific Decadal Oscillation[6]. Pleistocene: More abundant in 
warmer intervals/interglacials[7]
Applicability Eurythermal, but with consistent preference for fertile waters
Coccolithus 
pelagicus
Modern ocean 
distribution
Modern Pacific biogeographic distribution developed approxi-
mately 8 ka[8]. r-selected opportunistic placolith[1], bloom-
forming[9]. Only placolith with cold-water preference 7-14 
ºC in Atlantic[2], highest abundance 9-12 ºC[10]: optimal 
distribution in cool surface waters, especially high Northern 
latitudes (subarctic[2]) (5-10 µm) and frontal /upwelling 
systems (>10 µm)[11]. Small/large forms are two genetically 
distinct subspecies[12]. Both subspecies are found in high 
southern latitudes[3, 13]. Higher abundances associated with 
increased nutrients[11], greater fluxes associated with increased 
upwelling in spring[6]
Fossil 
distribution
No clear temperature control throughout fossil record. Evolved 
in the tropics in the early Cenozoic[14]. During the Palaeocene 
- important in low and mid-latitudes and uncommon in high 
latitudes[15]; Oligocene - common in high latitudes[14]; Mio-
cene - dominant in high northern latitudes, but rare in southern 
high latitudes[16]; Pliocene - present in low numbers in equato-
rial waters[17], but still found to be indicative of cool waters/
currents in Mediterranean[18] and eastern Pacific[19]. Disap-
pearance from low latitudes in late Pliocene (~1.65 Ma[17]) 
asynchronous, with C. pelagicus persisting longer in the eastern 
Pacific in regions affected by cool currents[19]. Pleistocene: 
most common during glacials[7]
Applicability  Although biogeographic distribution had evolved considerably, 
C. pelagicus has consistently shown a preference for cooler more 
eutrophic waters
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Genus/Species Ecology/Biogeography
Discoaster Modern ocean 
distribution
Extinct
Fossil 
distribution
Inferred K-selected (‘specialist’) taxa adapted to warm condi-
tions. First occurrence in Late Palaeocene, all species extinct 
by late Pliocene[20]. Late Cenozoic: Abundances decrease 
with increasing latitude[14]. Pliocene: higher abundances in 
oligotrophic (versus upwelling) tropical environments[20, 
21]. Discoasters thrive in the absence of productivity pressure 
(i.e., competition induced by more opportunistic species)[20]. 
Decreased abundances in upwelling sites primarily reflect a 
productivity signal, but if SST is also reduced, abundances sup-
pressed further[20]
Applicability Definite warm-water preference. Greater abundances where 
productivity pressure is low. High dissolution resistance so care-
ful interpretation necessary
Florisphaera profunda Modern ocean 
distribution
Very abundant in mid to low latitudes. Viability of deep photic 
zone as a habitat is critically dependent on light, thus ruling 
out high-latitudes[1]. Wide temperature range (10-28 ºC)[22], 
warm water preference. Deep photic layer dweller with prefer-
ence for limited light intensity/high nutrients[22]. Strong lin-
ear relationship between primary productivity and F. profunda 
relative abundance[23, 24]
Fossil 
distribution
 Recent: Increased abundance in warm stratified waters[6]. 
Plio-Pleistocene tropical oceans: high abundances associated 
with a deep nutri-thermocline and decreased upper euphotic 
zone productivity[23-26]
Applicability Consistently higher abundances throughout fossil record when 
upper photic zone productivity is low and thermocline/nutri-
cline is deep
Gephyrocapsa Modern ocean 
distribution
 r-selected blooming placolith[1, 27] of Noelaerhabdaceae 
family with wide nutrient and temperature tolerance. Increased 
abundances noted in coastal waters[28]. Pacific: maximum 
distribution on 14 ºC isotherm[2]. G. ericsonii described as 
‘transitional’[2]. Temperature tolerences[29]: G. oceanica, 12-30 
ºC; G. caribbeanica, 5-21 ºC (with max. abundance between 13 
ºC and 19 ºC); G. ericsonii, 12-27 ºC (with max. abundance be-
tween 13 ºC and 22 ºC). G. oceanica characteristic of a tropical 
assemblage[2], greater abundance in the Pacific in areas affected 
by cool currents[22] and during El Niño events[6]
Fossil 
distribution
Small Gephyrocapsa evolved ~4.3 Ma, while medium-sized 
Gephyrocapsa evolved in the latest Pliocene (~2.2 Ma)[30]. 
Pleistocene: six different morphotypes associated with specific 
environmental conditions[28]. Overall higher abundances 
in warm intervals[3]. Small Gephyrocapsa interpreted as high 
productivity/upwelling indicator[27, 31]
Applicability  Broad ecological tolerance, many morphotypes with specific 
ecological preferences. Small Gephyrocapsa appear to consis-
tently occur in mesotrophic/eutrophic waters
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Genus/Species Ecology/Biogeography
Helicosphaera Modern 
distribution
 H. selii extinct.
Tendency towards weak K-selection[1] (no distinct bioge-
ography, tend to be most important in intermediate nutrient 
environments, i.e., not extremely eutrophic or oligotrophic). H. 
carteri: tropical/subtropical distribution[29], temperature pref-
erence >16 ºC,  possibly even cooler (modern Atlantic), tem-
perature range defined as 5-30 ºC[29]. Modern Pacific: highest 
fluxes in non-El Niño (cooler, less stratified) intervals[6]
Fossil distribution  H. selii: extinction in mid-Pliocene[5]
H. carteri is the dominant Neogene and Recent helicolith[5]. 
Plio-Pleistocene: H. carteri found in eutrophic waters[3, 32, 33]
Applicability Consistent preference for mesotrophic/eutrophic waters; rela-
tively eurythermal
Pontosphaera Modern ocean 
distribution
Tendency towards weak K-selection[1], warm water preference 
in the Atlantic Ocean[2]
Fossil 
distribution
Long fossil record (at least entire Neogene to present) Pleis-
tocene: warm water preference in Mediterranean[34], warm 
oligotrophic preference in EEP[31]
Applicability Consistent warm-water preference
Pseudoemiliania Modern ocean
distribution
Extinct
Fossil
distribution
Thought to be an r-selected placolith, biology and distribu-
tion similar to that of other members of the Noelaerhabdaceae 
family. In Pliocene equatorial Pacific, P. lacunosa associated with 
cool oceanographic conditions[32]
Applicability Potentially useful as an indicator of cool mesotrophic condi-
tions
Reticulofenestra Modern ocean 
distribution
r-selected blooming placolith[1] of Noelaerhabdaceae family 
i.e., responds to nutrient enrichment with significant popula-
tion growth[35]. Can occur in very large numbers[36]. Small 
Reticulofenestra common in tropical oceans[37]
Fossil
distribution
Pleistocene: interpreted as high productivity/upwelling indica-
tor[27, 31]. Numerically important in Pliocene, good indicator 
of palaeoproductivity providing potential dissolution is consid-
ered[30, 32]. R. pseudoumbilicus: preference for mesotrophic 
conditions in Pliocene; last occurrence in mid-Pliocene[38]
Applicability Useful indicator of fertile waters if dissolution is considered
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Genus/Species Ecology/Biogeography
Rhabdosphaera Modern ocean 
distribution
Tendency towards weak K-selection[1], upper photic layer 
dweller[22]. Described as a typical cold-subtropical species[36]. 
Tropical/subtropical distribution in Pacific[10], greater abun-
dance in subtropical/transitional than tropical environments 
in Atlantic[2]. R. stylifera: temperature preference >16 ºC 
(modern Atlantic)[2]
Fossil
distribution
Pleistocene: more abundant in warm oligotrophic waters[31], 
Pliocene: higher abundances in oligotrophic (versus upwelling) 
tropical environment[21]
Applicability General preference for warm oligotrophic conditions, rarely 
discussed in detail in the literature
Syracosphaera Modern ocean 
distribution
Tendency towards weak K-selection[1] (population does not 
grow in response to nutrient enrichment e.g., S. pulchra[35]). 
Preference for warm oligotrophic stratified waters
Fossil
distribution
Pleistocene: greater abundance documented during warm 
intervals in the Southern Ocean[7], in warm oligotrophic 
conditions in the EEP[31] and in warm stratified waters in the 
tropical Atlantic[39] Pliocene: greater abundances during warm 
periods[21]
Applicability Consistent warm oligotrophic preference
Umbilicosphaera Modern ocean 
distribution
U. rotula extinct. 
Upper-middle photic layer species[22] with warm oligotrophic 
preference[40]. In Pacific tropical/subtropical waters: U. sibogae 
shows preference for stratified marginal waters surrounding 
upwelling fronts[4] and warm stratified waters[6]. U. sibogae 
bloom documented in Panama Basin[41].  U. foliosa most abun-
dant in mesotrophic upwelling regions[4]. U. mirabilis tempera-
ture tolerance >18 ºC in modern Atlantic, positive correlation 
with SST[2]. Modern preference of Umbilicosphaera spp. for 
mesotrophic upwelling waters in low-latitude Pacific[27]
Fossil 
distribution
Extinction of U. rotula in mid-Pliocene[5]
Pleistocene: inferred warm oligotrophic preference in equatori-
al Pacific noted for U. sibogae, U. foliosa and U. hulburtiana[31]. 
Pliocene: U. jafari: greater abundance during warmer intervals 
in equatorial Atlantic[21].
Applicability Consistent preference for warm waters, distribution related to 
nutrients unclear
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Table 2.3: Relative abundance ranges of Florisphaera profunda in the late Pliocene (this study) and 
the late Pleistocene (published literature) in the western (red) and eastern (blue) equatorial Pacific 
(WEP, EEP).
Site    
 
Location F. profunda range (%) Reference
Late Pliocene
ODP 806 WEP 12-43 % This study
Late Pleistocene
MD 971240 WEP 34-74 % Beaufort et al. (2001)
MD 972138 WEP 26-74 % Beaufort et al. (2001)
ODP 807 WEP 35-85 % Zhang et al. (2007)
ODP 807 WEP 33-93 % Chiyonobu et al. (2006)
ODP 1143 WEP 30-96 % Liu et al. (2008)
Late Pliocene
ODP 846 EEP 7-34 % This study
Late Pleistocene
RC13-110 EEP 11-44 % Beaufort et al. (2001)
ODP 846 EEP 1-60 % Chiyonobu et al. (2006)
ODP 1240 EEP 10-62 % López-Otálvaro et al. (2008)
Chapter 3 
Glacial-interglacial productivity changes 
recorded by alkenones and microfossils in late 
Pliocene eastern equatorial Pacific and Atlantic 
upwelling zones
This chapter is a reproduction of an article published in Earth and Planetary Science Letters:
Bolton, C.T., K.T. Lawrence, S.J. Gibbs, P.A. Wilson, L.C. Cleaveland & T.D. Herbert (2010), 
Glacial-interglacial productivity changes recorded by alkenones and microfossils in late Pliocene 
eastern equatorial Pacific and Atlantic upwelling zones, EPSL, v. 295, p. 401-411.  
Supplementary online-only material for this publication is included at the end of this chapter 
(Section 3.13).
3.1 Abstract 
Oceanic upwelling regions are highly productive systems that dominate global ocean new 
production, with important implications for cycling of nitrogen and carbon as well as for climate. 
Many proxy methods have been proposed to reconstruct past changes in ocean productivity 
but uncertainties are associated with the interpretation of each. Here we report new records of 
calcareous nannofossil assemblages and siliceous fragment abundance from the late Pliocene 
eastern equatorial Pacific and Atlantic Oceans and compare them with records of total C37 
alkenone content from the same sediment samples. Our data show prominent coherent glacial-
interglacial timescale variability among all three of these time series with remarkable inter-
correlation, lending support to their interpretation as records of climate-coupled changes in 
productivity. We infer that, prior to the dominance of the relatively well-understood modern 
alkenone synthesising coccolithophores, Reticulofenestra spp. were the principal calcifying 
alkenone-synthesisers during the late Pliocene. Our records suggest that, in upwelling areas on 
orbital timescales, total C37 alkenone concentration tracks productivity not only of the alkenone-
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synthesising coccolithophores, but also of the wider phytoplankton community, including 
siliceous diatoms. These results lend new significance to pre-Pleistocene records of total C37 
alkenone concentration from upwelling regions, particularly those from the eastern equatorial 
Pacific. Today this region accounts for the majority of global ocean-to-atmosphere CO2 efflux 
and, through biological pump invigoration, has the capacity to have contributed significantly to 
oceanic opal burial and drawdown of atmospheric carbon dioxide. The strong correlations that we 
demonstrate between C37 alkenone concentration and other palaeoproductivity proxies suggest 
that alkenone accumulation may represent a useful means of inferring pre-Pleistocene carbon 
cycle changes.
3.2 Introduction
Many proxy methods have been applied to the reconstruction of past export productivity 
in oceanic upwelling areas. These regions are estimated to account for at least 70 % of global 
ocean new production [Chavez and Toggweiler, 1995] and are highly significant regions for 
air-sea CO2 exchange [Takahashi et al., 2002; 2009], with important implications for nutrient 
and carbon cycling and therefore climate. Proxies including the sedimentary accumulation of 
total organic carbon (TOC) [Müller and Suess, 1979; Budziak et al., 2000], organic biomarker 
concentration [Schubert et al., 1998; Lawrence et al., 2006], opal accumulation [Ragueneau et 
al., 2000; Anderson et al., 2009], biogenic barium accumulation [Dymond et al., 1992; Averyt 
and Paytan, 2004], as well as proxies based on foraminifera and coccolithophore assemblages 
and chemical composition [Beaufort et al., 2001; Stoll et al., 2002; Ivanova et al., 2003] have all 
been applied to the reconstruction of  upwelling productivity history (see detailed discussion in 
Berger & Wefer [2002]). Of these, the application of organic biomarkers, in particular alkenones, 
to palaeoceanographic studies has generated increasing interest. This is a result of their broad 
distribution in sediments, the potential to overcome some of the preservational complications 
that can afflict carbonate-based proxies and the development of rapid and precise analytical 
quantification techniques [Eglinton et al., 2001]. 
Alkenones are long-chained (C37 to C39) unsaturated ketones that are biosynthesised by 
some algal species belonging to the division Haptophyta, predominantly the cosmopolitan 
coccolithophores Emiliania huxleyi and Gephyrocapsa oceanica [Volkman et al., 1980; Conte et 
al., 1994; Volkman et al., 1995] in the modern and late Pleistocene ocean. The degree of alkenone 
unsaturation (number of double bonds between carbon atoms) provides an established way to 
reconstruct past ocean temperatures [Volkman et al., 1980; Marlowe et al., 1984; Brassell et al., 
1986; Herbert, 2001], while the rate of alkenone accumulation in marine sediments has been 
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hypothesised as a measure of productivity in the overlying water column at the time of deposition 
[Prahl et al., 1989; Prahl and Muehlhausen, 1989; Jasper and Gagosian, 1993]. In common 
with other palaeoproductivity proxies, concern has been raised over the reliability of the total 
C37 alkenone method. Potential sources of aliasing include physiological effects on alkenone 
production [Prahl et al., 2003], alkenone degradation in the water column and sediments [Prahl 
et al., 1989; Hoefs et al., 1998] and the identity of fossil species responsible for their synthesis 
[Marlowe et al., 1990]. 
Here, we use a multi-proxy approach to address the following: (1) Test the applicability of 
alkenones as a proxy for export productivity prior to the rise to dominance of the relatively well-
studied modern alkenone-synthesising coccolithophores. (2) Gain insight into the processes that 
can bias individual proxy records, thereby shedding light on the operation of three hypothesised 
productivity proxies. (3) Reconstruct the export productivity history of the eastern equatorial 
Pacific (EEP) and eastern equatorial Atlantic (EEAtl) upwelling zones during the late Pliocene, 
an interval important to the understanding of Plio-Pleistocene climate evolution. We present 
records of C37 alkenone concentration (C37total), calcareous nannofossil assemblages and siliceous 
fragment abundance generated on the same sediment samples at both sites so as to directly 
compare phytoplankton assemblage composition and mass accumulation rates (MARs) with 
alkenone content. These new palaeo-export productivity records cover three glacial-interglacial 
(G-IG) cycles of the late Pliocene (marine isotope stages (MIS) 95 to 101, ~2400-2600 ka), the 
first large-amplitude (~1 ‰ VPDB in benthic δ18O [Lisiecki and Raymo, 2005]) obliquity-paced 
cycles of the Plio-Pleistocene secular cooling trend that post-date the recently hypothesised CO2 
drawdown event implicated in the intensification of northern hemisphere glaciation [Bartoli et 
al., 2009; Pagani et al., 2009; Seki et al., 2010].
Data from sediment traps and water column samples indicate that vertical fluxes of alkenones 
in the modern ocean correlate positively with both fluxes of known alkenone-synthesising 
coccolithophores [Rosell-Mele et al., 2000; Harada et al., 2006; Malinverno et al., 2008] and 
fluxes of TOC [Prahl et al., 2000; Goñi et al., 2001; Goñi et al., 2003; Waniek et al., 2005; Harada 
et al., 2006]. In laboratory cultures of E. huxleyi and G. oceanica cells, alkenones have been found 
to constitute between 2 % and 15 % of TOC (Conte et al. [1998] and references therein), in 
broad agreement with results from field studies [Conte and Eglinton, 1993; Conte et al., 1994]. 
Alkenone concentration as a percentage of TOC per cell appears to be relatively independent 
of temperature [Prahl et al., 1988], with only small inter-specific variability [Conte et al., 1998]. 
In principle, therefore, providing that preservation efficiency and sedimentation rates are taken 
into account, alkenone concentration in sediments is a potentially useful indicator of past export 
productivity [Prahl and Muehlhausen, 1989; Brassell, 1993]. 
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Down-core late Pleistocene studies comparing alkenone content with other indicators of export 
productivity [Villanueva et al., 1997; Schubert et al., 1998; Budziak et al., 2000; Sachs and 
Anderson, 2005; Bard and Rickaby, 2009], some including coccolithophore abundances [Müller 
et al., 1997; Rostek et al., 1997; Weaver et al., 1999; Colmenero-Hidalgo et al., 2004], have revealed 
good covariance between proxies. Additionally, broad correlation between multi-million-year 
duration high-resolution alkenone accumulation records and low-resolution records of other 
palaeoproductivity proxies has been demonstrated previously [Lawrence et al., 2006; Dekens et al., 
2007]. However, to our knowledge no high-resolution records directly comparing fossil plankton 
assemblages with alkenone content exist from sediments pre-dating the rise to dominance of 
the modern alkenone-synthesising coccolithophores. Furthermore, despite the encouraging 
outcomes of modern and late Pleistocene studies, questions concerning preservation, dilution and 
concentration of sedimentary components are of particular concern when studying sediments in 
deeper time intervals. The results we report here, which show strong agreement between C37total 
records and other proxies of past productivity, enhance the understanding of the C37total proxy and 
strengthen the interpretation of new and existing C37total records generated in pre-late Pleistocene 
time intervals. 
3.3 Study sites & samples
 Data presented in this study come from two sites, Ocean Drilling Program (ODP) Site 846 in 
the EEP and ODP Site 662 in the EEAtl (Figure 3.1). ODP Site 846 was drilled 300 km due 
south of the Galapagos Islands on the southern edge of the Carnegie Ridge (lat: 3°5.7’ S, long: 
90°49.07’ W) at a water depth of 3296 m [Mayer et al., 1992]. Site 846 is located in the modern 
EEP cold tongue, where the Humboldt Current and the Southern Equatorial Current merge. 
Shoaling of the Equatorial Undercurrent and advection of water from the eastern boundary 
current in conjunction with trade wind driven open-ocean divergence results in the upwelling 
of cool nutrient-rich water in the region surrounding Site 846 [Kessler, 2006], stimulating high 
year-round primary productivity [Pennington et al., 2006]. ODP Site 662 was drilled on the 
upper eastern flank of the mid-Atlantic ridge (lat: 1°23.41’ S, long: 11°44.35’ W) at a water 
depth of 3814 m [Shipboard Scientific Party, 1988], directly beneath the zone of equatorial 
divergence associated with the South Equatorial Current. Annual surface water dynamics and 
upwelling in this area of the EEAtl are controlled by strong seasonal changes in trade wind 
strength [Eriksen and Katz, 1987]. During boreal summer, northward migration of the inter-
tropical convergence zone (ITCZ) results in an intensification of the southeast trade winds and 
a shoaling of the thermocline in the EEAtl, promoting stronger upwelling and seasonally high 
biological productivity [Pérez et al., 2005]. Sites 846 and 662 are both located above the depth of 
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the modern lysocline. Average sedimentation rates at our two sites are comparable and high in the 
study interval (~5.29 cm/kyr at Site 846 and ~5.25 cm/kyr at Site 662). Both sites were sampled 
at 10 cm spacing (~2 kyr resolution).
3.4 Methods
3.4.1 Age models
Age assignation for the ODP Site 846 records is based on tuning of the benthic δ18O stratigraphy 
for this site [Shackleton et al., 1995] to the LR04 global benthic oxygen isotope stack [Lisiecki and 
Raymo, 2005] using Analyseries [Paillard et al., 1996]. To establish age control for the ODP Site 
662 records, slight modifications [Cleaveland, 2009] to a previously published benthic oxygen 
isotope age model for this site [Lisiecki and Raymo, 2005] were made, following the generation 
of additional benthic oxygen isotope data [Cleaveland, 2009], via tuning of the Site 662 benthic 
δ18O record to the LR04 stack [Lisiecki and Raymo, 2005]. These modifications result in an 
average sedimentation rate for our study interval of 5.25 ± 1.41 cm/ky, compared to 4.84 ± 
2.00 cm/ky for the previously published age model. Our revised age model yields ages that are 
generally within less than 1 kyr of the Lisiecki and Raymo [2005] age model, with the exception 
of MIS 101, where our age model begins to deviate from the previously published age model, 
eventually by up to one full obliquity cycle. Between 2400 ka and 2600 ka, cross-correlation 
between Site 662 benthic δ18O and the LR04 stack is 0.94 with our revised age model, compared 
to 0.89 with the previously published version.
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Figure 3.1: Map displaying the locations of ODP Site 846 in the eastern equatorial Pacific and 
Site 662 in the eastern equatorial Atlantic
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3.4.2 Alkenone methods
Alkenones were extracted from freeze-dried sediment samples (~2.5 g average dry weight) 
using a Dionex accelerated solvent extractor, ASE, 200 and 100 % dicholoromethane. Alkenone 
concentrations were determined via gas chromatography using an Aglient 6890 GC-FID. All 
alkenone samples were analysed at Brown University by K. Lawrence over a two-year period 
following the analytical procedures outlined in Lawrence et al. [2009]. The calibration equation 
of Prahl et al. [1988] was used to convert alkenone unsaturation ratios to estimates of past 
sea surface temperature. C37total is defined as the sum of the concentrations of C37:2 and C37:3 
ketones per unit dry weight of sediment and is determined by referencing peak areas of these 
compounds to those of reference standards n-hexatriacontane (C36) and n-heptatricontane (C37), 
which are added after extraction of the compounds and prior to sample injection into the gas 
chromatograph. Using replicate extraction of an internal laboratory sediment standard as well 
as replicate analyses of individual samples we estimate an analytical error of ~10 % for C37total 
measurements. ODP Site 846 UK’37 SST estimates and C37total data were originally published in 
Lawrence et al. [2006].
3.4.3 Nannofossil and siliceous fragment counts
All nannofossil counts were performed on a light microscope under cross-polarized light at 
x1500 magnification. Relative abundances of nannofossil species and genera form part of whole 
assemblage nannofossil counts made from smear slides prepared using standard techniques [Bown 
and Young, 1998]. First, a statistically significant count of at least 450 coccoliths/nannoliths 
from a minimum of ten fields of view was made following the counting strategies of Backman 
& Shackleton [1983] and Flores et al. [1995]. Subsequently, a second count of at least 100 
coccoliths/nannoliths was performed taking into account only the less common species, i.e., those 
with abundances below 2 % in the first count. A second count allows more accurate quantification 
of the relative abundances of the less common taxa. The taxonomy of Perch-Nielsen [1985] and 
Young [1998] was followed throughout. Foraminiferal and siliceous fragments were quantified in 
plain light in the same fields of view as calcareous nannofossils to directly link numbers of these 
different components. Because whole diatom valves and silicoflagellate skeletons are extremely 
rare in these sediments, we quantified siliceous fragments (>3 µm). Visual analysis of a subset of 
samples from both sites revealed that >90 % of siliceous fragments were of diatom origin during 
both glacials and interglacials. At Site 662, our siliceous fragment record correlates significantly 
(R=0.71, p =<0.001) with a published record of percent opal of similar resolution [Ruddiman 
and Janecek, 1989] (Figure 3.6) indicating that our record is representative of accumulation 
and not merely fragmentation. Nannofossil and siliceous fragment MARs were derived from 
quantitative slides prepared following the spiking with microbeads and spraying (SMS) method 
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[Bollmann et al., 1999]. MARs were determined by multiplying nannofossil/siliceous fragment 
concentration by dry bulk density and sedimentation rate (See Appendix B for additional details). 
We use the N ratio, the ratio between very small Reticulofenestra (VSR) and Florisphaera profunda 
(Fp) coccoliths, to assess nutricline depth and coccolithophore productivity, following Flores et al. 
[2000], where N = (VSR)/(VSR + Fp). 
3.5 Preservation of biogenic sedimentary components
In common with other studies of palaeoproductivity change [Müller et al., 1997; Villanueva 
et al., 1997; Budziak et al., 2000; Bard and Rickaby, 2009], it should be emphasized that the 
C37 alkenone, N ratio and siliceous fragment records presented herein represent the fraction of 
original export productivity preserved in the sediments at a given time. We cannot, therefore, 
linearly scale these proxy records to absolute values of primary production. However, previous 
work indicates that the relative abundance of F. profunda, a lower photic zone dwelling 
coccolithophore species, in sediments can be calibrated to absolute values of primary production 
[Beaufort et al., 1997; Beaufort et al., 2001]. Application of this calibration to our datasets yields 
primary production estimates in the range of 180-330 grams of carbon m-2 y-1 in the EEP, and 
170-340 grams of carbon m-2 y-1 in the EEAtl in the time interval 2400 to 2600 ka. Primary 
production estimates obtained for the Pliocene EEP are within a similar range as values calculated 
using the same calibration for the late Pleistocene G-IG cycles at a nearby site [Beaufort et al., 
2001].
3.5.1 Alkenones
The vast majority of organic matter produced in the surface oceans is recycled before reaching the 
seafloor. Determination of surface production rates of particulate organic carbon (POC) across 
an Atlantic meridional transect and subsequent comparison with sediment trap data [Milliman 
et al., 1999; Francois et al., 2002] reveals that >98 % of POC originally produced is recycled in 
the upper 2000 m of the ocean [Poulton et al., 2006]. However, organic carbon directly associated 
with mineral material benefits from not only the ballasting properties of biogenic (particulate 
inorganic carbon and biogenic silica) and lithogenic (clay) minerals, promoting greater particle 
densities, faster sinking rates and the more efficient export of organic carbon [Francois et al., 
2002; Klaas and Archer, 2002], but also some degree of physical and chemical protection from 
remineralisation [Armstrong et al., 2002]. This direct association in the surface ocean may result 
from cell formation, packaging (grazing) or particle aggregation. However, the nature of the 
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relationship between efficient organic carbon export and biogenic mineral export may depend 
to a large degree on the regional processes controlling export, e.g. phytoplankton community 
structure, physical forcing mechanisms and the degree of coupling between surface production 
and export [Thomalla et al., 2008]. Calcium carbonate is a more effective ballast material 
than BSi, because of its greater abundance and density [Klaas and Archer, 2002] and lower 
susceptibility to dissolution in the surface ocean relative to BSi [Nelson et al., 1995; Ragueneau et 
al., 2000]. Thus, in low-latitude regions dominated by carbonate productivity, despite relatively 
little organic matter escaping the highly efficient microbial food web, a greater fraction of 
exported organic matter reaches the seafloor. In contrast, in high-latitude regions dominated by 
opal productivity, although a higher fraction of net production is exported, more of this exported 
fraction is remineralised before reaching the deep ocean [Francois et al., 2002].
The abundance of alkenones in sediments is a function of both the amount of haptophyte export 
productivity from the overlying water column and organic matter preservation, itself dependent 
on sediment redox conditions and accumulation rates. Degradation of alkenones in the water 
column and sediments is not negligible [Prahl et al., 1989; Sun and Wakeham, 1994; Hoefs et 
al., 1998; Rontani et al., 2009], however alkenones do appear to be more refractory than other 
common phytoplankton lipids and the relatively high sedimentation rates of Sites 846 and 662 
are advantageous to the preservation of organic biomarkers [Brassell et al., 1986].  When alkenone 
MARs are calculated over the study interval at both sites, G-IG and fine features of the C37total 
concentration records are preserved (Figure 3.7), indicating that C37total variations are not simply 
an artifact of sedimentation rate changes. 
3.5.2 Calcareous nannofossils
Comparison of surface production rates of particulate inorganic carbon (PIC) with sediment trap 
data [Milliman et al., 1999; Francois et al., 2002] indicates that ~70 % of PIC originally produced 
is recycled in the upper 2000 m of the ocean [Poulton et al., 2006]. Thus, calcareous nannofossil 
assemblages can be skewed by the dissolution of susceptible species during settling and on the 
seafloor [Roth and Coulbourn, 1982; Gibbs et al., 2004b; Baumann et al., 2005]. While some 
studies integrating phytoplankton data from the water column and sediment traps with analyses 
of surface sediments have found assemblage composition to be essentially preserved despite the 
occurrence of differential dissolution during settling and incorporation into sediments [Abrantes 
et al., 2002; Sprengel et al., 2002], others have documented a more complex picture [Goñi et al., 
2003].
We assess calcareous nannofossil preservation using a dissolution index (DI), the ratio of 
articulated to disarticulated Calcidiscus leptoporus shields [McIntyre and McIntyre, 1971; Blaj 
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et al., 2009], and taxa grouped based on their susceptibility to dissolution [Gibbs et al., 2004b]. 
Comparison of our DI at both sites indicates a slightly higher level of calcareous nannofossil 
dissolution at ODP Site 846 than Site 662. However, at both sites, the delicate central area 
structures of Syracosphaera pulchra and Pontosphaera species are intact throughout the records, 
and at no point does dissolution hamper the identification of nannofossils to species level. 
A number of factors indicate that the nannofossil assemblage patterns that we observe on 
G-IG timescales at both sites primarily represent an ecological rather than a preservational 
signal. Firstly we consider Pacific Site 846 (Figure 3.8). Here, dissolution-susceptible species 
show elevated abundances during glacials. This pattern of greater preservation during glacials 
relative to interglacials would arise if G-IG patterns were dominated by Pleistocene Pacific-style 
preservation patterns. However, it is the opposite to what one would expect if the Pliocene 
%CaCO3 record is dominantly controlled by dissolution (i.e., lower %CaCO3 suggests increased 
dissolution during glacials). Therefore, the variations appear to primarily reflect the nutrient and 
temperature affinities of the grouped species. Dissolution-resistant species show no consistent 
G-IG pattern, and peaks in the abundance of this group during MIS 95 and 97 result from 
unusually high Discoaster abundances at these times (Figure 3.8D). Our dissolution index is based 
on a parameters measured within a single species thereby eliminating any ecological contribution 
to the signal and shows no systematic G-IG change. Instead, the high number of siliceous 
fragments counted during glacials suggests that the large amplitude G-IG changes in %CaCO3 
at Site 846 partially result from productivity variations, i.e., the massive input of biogenic silica 
during glacials dilutes the %CaCO3 content of the core. Secondly, we consider Atlantic Site 662 
(Figure 3.9). Here, dissolution-susceptible and dissolution-resistant taxa show no consistent G-IG 
patterns. Again, the peak in resistant taxa during MIS 97 is assignable to a large peak in Discoaster 
abundances. Marginally higher DI values in the EEAtl during glacials as compared to interglacials 
may be related to the greater influence of more corrosive southern component deep water during 
glacials [Raymo et al., 1989]. The higher values of  %CaCO3 and the lower amplitude G-IG 
variations at Site 662 are consistent with a smaller contribution of biogenic silica to the sediments 
compared to at Site 846, as indicated by siliceous fragment counts. 
3.5.3 Biogenic silica
The preservation of biogenic silica (BSi) in marine sediments reflects the competing influences of 
production, water-column recycling, opal solubility, and removal from undersaturated seawater 
by burial (see Ragueneau et al. [2000] for a detailed review). Estimates of BSi dissolution in the 
water column range from ~50 % of that originally produced dissolving in the upper 2000 m of the 
ocean across an Atlantic meridional transect [Poulton et al., 2006], to a global mean accumulation 
rate of ~3 % relative to production, with values reaching up to 25 % in waters overlying diatom-
rich sediments [Nelson et al., 1995]. However, despite high rates of opal dissolution both in the 
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water column and on the seafloor [Nelson et al., 1995], opal accumulation in sediments appears 
to correlate well with upwelling strength both in the modern ocean [Abrantes et al., 2002; Goñi 
et al., 2003] and in the palaeo-record [Ruddiman and Janecek, 1989; Anderson et al., 2009; 
Etourneau et al., 2009]. A quantitative diatom preservation study from ODP Site 846 over the 
last glacial cycle indicates that sediment opal concentrations do not appear to reflect preservation 
[Warnock et al., 2007]. 
In summary, the significant correspondence between C37total, calcareous nannofossil and siliceous 
productivity at both sites provides robust evidence that the G-IG patterns in our records are not 
significantly skewed by dissolution. It is also highly unlikely that diagenesis would have affected 
these three proxies, all with different controls on their sedimentary abundance as discussed above, 
in exactly the same way. By choosing two deep-ocean sites with similar mean sedimentation 
rates (846: 5.29 cm/ky and 662: 5.25 cm/ky), neither of which is a drift site, we aim to minimise 
differences in preservation of sedimentary components caused by variations in burial rate away 
from the active zone of early diagenesis and sea floor carbonate and silica dissolution, and 
avoid the confounding effects of contributions of fine-grained allochthonous sediments to 
palaeoproductivity reconstruction. We do note, however, that our choice to study sites in the 
Atlantic and Pacific basins allows us to assess the degree to which variable carbonate and organic 
matter preservation might dominate the coccolithophore and alkenone-based productivity 
proxies. Assuming the Pleistocene pattern applies, changes in both carbonate chemistry and 
oxygenation are expected to differ in sign over glacial-interglacial cycles: carbonate preservation 
improves during glacial periods in the Pacific while the opposite occurs in the Atlantic [Gardner, 
1975; Luz and Shackleton, 1975; Herbert and Mayer, 1991] and δ13C patterns (a proxy for oxygen 
consumption) vary in the opposite sense as well [Raymo et al., 1989].  Therefore, preservational 
biases should diminish, not enhance, a common climate-productivity signal when records from 
the EEP and EEAtl are compared.
3.6 Results
Our calcareous nannofossil records reveal that assemblages in the equatorial Pacific and Atlantic 
Oceans are relatively similar in terms of species diversity (i.e., number of species present), with a 
total of 28 and 33 species identified in the EEP and EEAtl respectively (Table 3.1). Assemblages 
at both sites are dominated by very small Reticulofenestra (<3 µm) and Florisphaera profunda 
coccoliths, with differences in assemblage composition stemming from the relative contributions 
of subordinate species and a greater diversity of Discoaster species at the Atlantic site (Figure 
3.2). Variations in C37total, the N ratio nutricline depth index, siliceous fragments and MARs 
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all display significant G-IG variability at both sites, with higher values in each of these series 
during glacials compared to interglacials (Figures 3.3 and 3.4). Higher N ratio values during 
glacials (Figures 3.3E and 3.4E) are interpreted to indicate a shallower nutricline and higher 
coccolithophore productivity [Flores et al., 2000; López-Otálvaro et al., 2008], and are in 
agreement with higher glacial calcareous nannofossil MARs. Our records reveal higher siliceous 
fragment MARs and a greater number of siliceous fragments per coccolith during glacials than 
interglacials (Figures 3.3D and 3.4D), which we interpret to represent an enhanced ratio of 
siliceous to coccolithophore productivity resulting from less stable, higher nutrient conditions 
and the subsequent proliferation of fast-growing diatoms [Barber and Hiscock, 2006]. Considered 
together, therefore, our records suggest that the G-IG C37total series track productivity changes 
in both the calcareous nannofossil and siliceous components of the export productivity signal 
(Figures 3.3C and 3.4C). The effects of physiological growth factors on cellular alkenone 
concentration seen in culture [Conte et al., 1998; Epstein et al., 1998; Prahl et al., 2003] 
are negligible in comparison to the large amplitude G-IG C37total shifts seen in our records 
(concentrations >3 times higher in nutrient-starved cultures versus ~7 to >150 times higher 
C37total during glacials than interglacials in our study) and, in any case, would have acted so as to 
dampen (not amplify) the G-IG alkenone concentration signal. 
The higher export productivity during glacials that we find in the Pliocene is consistent with the 
pattern seen in records from the late Pleistocene equatorial Pacific and Atlantic [Pedersen, 1983; 
Lyle, 1988] and the suggestion that a stronger or more efficient biological pump operated during 
Pleistocene glacials relative to interglacials [Pichevin et al., 2009], helping to drive drawdown of 
atmospheric CO2 [Sigman and Boyle, 2000] – as indicated in ice-core records [Luthi et al., 2008]. 
3.7 Alkenone synthesisers in the Pliocene
Previous work indicates that the alkenone sedimentary signal most likely originates from 
coccolithophores of the Noelaerhabdaceae family [Marlowe et al., 1984; Marlowe et al., 1990]; 
however species-specific sources have not been identified in the pre-Pleistocene fossil record. A 
recent study in the modern ocean reveals that the biodiversity and biomass of small noncalcifying 
haptophytes is much greater than previously estimated, with data suggesting that picohaptophytes 
contribute 30 to 50 % of global ocean photosynthetic standing stocks [Liu et al., 2009], 
overturning the previous assumption that such contributions were negligible in the open-ocean 
[Marlowe et al., 1990]. To attempt to identify the calcifying haptophyte species responsible for 
synthesising alkenones in the Pliocene we compare our records of nannofossil taxa abundance 
with C37total. Gephyrocapsa spp. is a known alkenone-synthesiser in the modern ocean and is the 
genus hypothesised to have most likely contributed to the alkenone record prior to the evolution 
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of Emiliania huxleyi in the late Pleistocene [Perch-Nielsen, 1989; Marlowe et al., 1990]. However, 
high C37total in our records cannot be assigned to Gephyrocapsa spp. because abundances of this 
genus are statistically insignificant (<0.04 %) at both sites (Table 3.1). It has been suggested, 
based on a study synthesising available micropalaeontological and molecular data [Marlowe et al., 
1990], that species morphologically related to E. huxleyi and Gephyrocapsa oceanica such as the 
genera Crenalithus, Dictyococcites, Emiliania, Gephyrocapsa, Pseudoemiliania and Reticulofenestra 
(all members of the Noelaerhabdaceae family) constitute potential biosynthesisers of alkenones 
in marine sediments. We find that, for both sites, relative abundances of the dominant genus 
Reticulofenestra produce significant positive correlations with C37total (Site 846: R=0.79; Site 662: 
R =0.77) and that absolute Reticulofenestra abundances (MARs) also correlate with C37 MARs 
(Site 846: R=0.72; Site 662: R =0.61) (not shown). This finding lends support to the suggestion 
that Reticulofenestra is the evolutionary precursor of Gephyrocapsa [Samtleben, 1980; Perch-
Nielsen, 1985] and was a likely pre-Pleistocene alkenone synthesiser. On the other hand, contrary 
to inferences based on morphology and occurrence in alkenone-containing sediments [Marlowe 
et al., 1990], we find that abundances of Pseudoemiliania spp. are uncorrelated to C37total (Site 846: 
R=0.09; Site 662: R=0.34), suggesting that coccolithophores of this genus did not synthesise C37 
alkenones during the late Pliocene.
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Figure 3.2: Calcareous nannofossil assemblage compositions at A: ODP Site 846 and B: ODP 
Site 662 over the study interval. With the exceptions of C. pelagicus, S. pulchra, and F. profunda, 
species are grouped and displayed as genera. ‘Large Reticulofenestra’ describes coccoliths >3 μm 
and ‘very small Reticulofenestra’ describes those < 3 μm maximum diameter. Glacial marine isotope 
stages (MIS) are labelled.
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3.8. Alkenones as a proxy for total export productivity in 
upwelling areas
To better understand the niche occupied by the alkenone-synthesisers within the phytoplankton 
population, we examined the correlations between our three proxies for palaeoproductivity. 
The significant relationships (R >0.82 in all cases) that we document here between C37total, 
siliceous fragment abundance and the N ratio at two equatorial upwelling sites (Figures 3.3F and 
3.4F) show that, in certain environments, C37total is not only representative of prymnesiophyte 
productivity, but also of total phytoplankton productivity. This hypothesis can be drawn from 
modern ocean studies that reveal a strong correspondence between alkenone and TOC fluxes 
on ecological timescales [Prahl et al., 2000; Goñi et al., 2001; Goñi et al., 2003; Waniek et al., 
2005; Harada et al., 2006]. In the late Pleistocene, a similar suggestion was made based on 
the relationship between alkenone concentration and the δ13C of sedimentary organic matter 
(an indicator of total primary productivity) in sediments from the Gulf of Mexico [Prahl and 
Muehlhausen, 1989; Jasper and Gagosian, 1993]. Our data indicate that this relationship can hold 
on geological timescales prior to the rise to dominance of Emiliania huxleyi and Gephyrocapsa 
species. We interpret the strong correspondence between siliceous productivity and C37total seen 
in our records as attributable to the ‘r-selected’ ecological strategies of Reticulofenestra, the most 
likely dominant calcifying alkenone-synthesisers in our records. 
The partitioning of plankton between eutrophic versus oligotrophic oceanic environments is 
often considered in the context of contrasting r- and K-selection life strategies employed by 
different groups [Margalef, 1978; Balch, 2004]. Whereas r-selected plankton (e.g., diatoms) are 
opportunistic and growth rate maximizing, K-selected plankton (e.g., dinoflagellates) maximize 
efficiency by employing specialist ecological strategies. Coccolithophores were originally 
placed between diatoms and dinoflagellates on this r versus K spectrum [Margalef, 1978], and 
reinterpreted by Young [1994] as having a wider range of ecological strategies tending slightly 
towards K-selection. Diatoms typically have larger cells, faster division rates and simpler 
test structures compared to coccolithophores, resulting in their relative dominance of the 
phytoplankton population in nutrient-enriched waters and during phytoplankton blooms e.g. 
[Chavez and Smith, 1995; Landry and Kirchman, 2002; Landry et al., 2002; Barber and Hiscock, 
2006]. On the other hand the relative contribution of coccolithophores to phytoplankton 
assemblages is greatest in stratified, oligotrophic waters such as the subtropical gyres [Kinkel et 
al., 2000; Cermeño et al., 2008]. Estimates of coccolithophore cells abundance during a bloom 
of Emiliania huxleyi can exceed one million cells per litre [Tyrrell and Young, 2009], while in 
the oligotrophic open ocean coccolithophore concentrations are typically between 5,000 and 
50,000 cells per litre [Poulton et al., 2006]. Although coccolithophores are often uniformly 
described as a K-selected group, much variance in ecological strategy is also found between 
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Figure 3.3: Palaeoclimatic and palaeoecological proxies from ODP Site 846. A: Benthic 
foraminiferal δ18O [Shackleton et al., 1995]. B: UK’37 temperature [Lawrence et al., 2006]. C: Total 
concentration of C37 alkenones (C37total) [Lawrence et al., 2006]. D: Number of siliceous fragments 
normalised to calcareous nannofossil abundance (light blue open circles and lines) and siliceous 
fragment MAR (dark blue filled circles). E: N ratio indicator of coccolithophore productivity 
(higher values indicate a shallower nutricline and higher coccolithophore productivity) (light green 
open circles and lines, previously published in Bolton et al. [2010a]) and calcareous nannofossil 
MAR (dark green filled diamonds). F: Scatter plot of C37total against N ratio (blue/crosses) and 
siliceous fragments (red/diamonds). C37total is plotted on a logarithmic scale because of the log 
normal distribution of these data. Shaded areas represent 95 % confidence limits (the upper and 
lower limits of two standard deviations (σ) either side of the linear regression).
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Figure 3.4: Palaeoclimatic and palaeoecological proxies from ODP Site 662. A: Benthic 
foraminiferal δ18O [Lisiecki and Raymo, 2005]. B: UK’37 temperature. C: Total C37 alkenone 
concentration (C37total). D: Number of siliceous fragments normalised to calcareous nannofossil 
abundance (light blue open circles and lines) and siliceous fragment MAR (dark blue filled circles). 
E: N ratio indicator of coccolithophore productivity (light green open circles and lines) and 
calcareous nannofossil MAR (dark green filled diamonds). F: Scatter plot of C37total against N ratio 
(blue/crosses) and siliceous fragments (red/diamonds). C37total is plotted on a logarithmic scale 
because of the log normal distribution of these data. Shaded areas represent 95 % confidence limits 
(the upper and lower limits of two standard deviations (σ) either side of the linear regression).
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different genera. Within the coccolithophore community, placolith-bearing species predominate 
in the dynamic eutrophic conditions of upwelling areas, with total coccolith abundance being 
consistently higher in placolith-dominated assemblages than in other assemblages [Young, 1994]. 
The alkenone-producers Reticulofenestra, Gephyrocapsa and Emiliania are considered to be 
r-selected placolith-bearing coccolithophores that respond to nutrient enrichment by increasing 
their population size [Young, 1994; Broerse et al., 2000; Flores et al., 2000; Kinkel et al., 2000]. For 
example, Gephyrocapsa oceanica consistently occurs at high abundances in sediment traps beneath 
upwelling areas [Broerse et al., 2000; Ziveri and Thunell, 2000] and in the tropical sedimentary 
record during periods of inferred higher-nutrient conditions [Henriksson, 2000; Kinkel et 
al., 2000]. We hypothesise, therefore, that C37total will vary with total primary productivity 
in high-nutrient environments, including both equatorial and coastal upwelling areas, where 
the phytoplankton community and therefore the primary productivity signal are dominated 
by faster-growing r-selected opportunistic species. The broad temperature range tolerated by 
coccolithophores of the Noelaerhabdaceae family [McIntyre and Bé, 1967; Young, 1994] also 
means that the relationship we document between C37total and total primary productivity is 
unlikely to be restricted to the tropical oceans. In contrast, we do not necessarily expect a co-
varying relationship between C37total and total phytoplankton productivity in oligotrophic areas, 
because the alkenone-synthesising coccolithophores in such regimes constitute a much smaller 
proportion of the coccolithophore population, a minority among the phytoplankton in terms of 
their ecological adaptations. Our results confirm recently published interpretations of long-term 
C37total records suggesting that C37total is representative of export palaeoproductivity in the eastern 
Pacific upwelling regions over the past 5 Myr because of their broad correlation with lower-
resolution records of opal, phosphorus and TOC MAR [Lawrence et al., 2006; Dekens et al., 
2007]. 
3.9 Export productivity and climatic implications
We next consider the differences and similarities between the records at our two sites, firstly 
in terms of overall productivity regime, and secondly in terms of the relative contribution of 
different phytoplankton to the export productivity signal and biological pump implications. 
Lastly, we discuss phytoplankton dynamics on G-IG timescales.
The glacial-interglacial productivity patterns that we document in the Atlantic and Pacific 
upwelling zones are highly similar, suggesting a common forcing mechanism. Our new data 
increase confidence in previously published evidence for a close coupling between SST and 
productivity during the ‘41-kyr world’ in the equatorial upwelling zones of the Atlantic and 
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Pacific Oceans, interpreted to indicate productivity remotely forced by high latitude climate 
and oceanographic change [Lawrence et al., 2006; Cleaveland and Herbert, 2007]. Analysis 
of calcareous nannofossil data from the same time interval (MIS 95-101) in the western and 
eastern equatorial Pacific suggests that late Pliocene equatorial productivity was forced by 
two mechanisms operating on obliquity timescales: a ‘bottom-up’ forcing transmitted via 
the upwelling of high latitude source waters in conjunction with the ‘top-down’ forcing of 
atmospheric greenhouse gases [Bolton et al., 2010a]. 
Our data indicate that late Pliocene calcareous nannofossil MARs in both glacials and 
interglacials are considerably higher (on average ~3.7 times) in the EEAtl than the EEP (Figures 
3.3E, 3.4E and 3.5). On the other hand, mean siliceous MAR over our study interval is higher 
(on average ~1.4 times) in the EEP (Figures 3.3D, 3.4D and 3.5). If interpreted as representative 
of primary production, the inter-basin differences in coccolith and siliceous MARs that we 
report are comparable to the modern-ocean productivity scenario, in which EEAtl surface 
water chlorophyll concentrations are twice as high as those in the equatorial Pacific [Chavez 
and Smith, 1995]. The higher alkenone and nannofossil MARs that we observe in the EEAtl as 
compared to the EEP (Figures 3.3E, 3.4E and 3.7) support the interpretation that haptophyte 
export productivity was higher at the EEAtl site. However, we cannot exclude the possibility 
that CaCO3 dissolution in the EEP may have been greater than in the EEAtl as a result of the 
lower saturation state with respect to calcite in Pacific waters [Feely et al., 2004]. In addition, it is 
possible that greater organic matter degradation in the more oxygenated deep EEAtl relative to 
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logarithmic scale to best illustrate the difference in glacial-interglacial amplitude variation between 
the two phytoplankton groups. At Site 846, the average interglacial to glacial siliceous MAR 
increase is ~3-fold greater than the concurrent nannofossil MAR increase. At Site 662, the average 
siliceous MAR increase is ~23 times greater than the concurrent nannofossil MAR increase.
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the EEP may already have acted to reduce the inter-basin difference in alkenone MARs (Figure 
3.7). In line with our Pliocene MARs, modern ocean opal export rates reported in Pacific coastal 
and equatorial upwelling regions are higher than in Atlantic upwelling systems [Ragueneau et 
al., 2000], however it is likely that the same factors that stimulated high siliceous productivity in 
the EEP (high Si/N and Si/P ratios and more Si-saturated deep waters) also favoured enhanced 
siliceous preservation in the EEP relative to the EEAtl. In summary, our data indicate higher 
coccolith export and lower diatom export in the EEAtl relative to the EEP. Although we cannot 
be certain that our records accurately represent initial phytoplankton production, understanding 
export productivity is of primary importance because carbon export to the deep sea is what 
ultimately impacts on climate. 
The relative contribution of coccolithophores and diatoms to primary productivity significantly 
impacts the balance between CO2 release via calcification (by coccolithophores) and CO2 uptake 
via photosynthesis (by both phytoplankton groups). This balance alters the CaCO3 to organic 
carbon export ratio and ultimately dictates the net strength of the ‘biological pump’ (carbon 
export to the deep ocean), altering atmospheric pCO2 concentration. Diatoms are thought to 
dominate the biological pump in nutrient-rich upwelling areas [Nelson et al., 1995; Smetacek, 
1999; Ragueneau et al., 2000]. 
The partitioning of export productivity between diatoms and coccolithophores is illustrated 
in our records by the ratio of siliceous fragments to calcareous nannofossils (Figures 3.3D and 
3.4D). This ratio is an order of magnitude higher in the EEP than the EEAtl, suggesting a greater 
dominance of diatoms over coccolithophores in the EEP. This finding is in keeping with modern-
day opal and CaCO3 export fluxes (Table 2 in Ragueneau et al. [2000]) and higher ratios of 
silicic acid to nitrate and phosphate in Pacific upwelling source waters than Atlantic source waters 
[Ragueneau et al., 2000; Sarmiento et al., 2004], and illustrates the increasing Si:C flux ratio 
following the path of the ocean thermohaline conveyor belt [Broecker and Peng, 1982]. 
Our data provide new evidence for a strengthened biological pump during late Pliocene glacials 
relative to interglacials, lending new significance to palaeo-records of C37total from upwelling 
zones, particularly those from the EEP [Lawrence et al., 2006; Dekens et al., 2007]. This region 
is today responsible for two-thirds of global ocean-to-atmosphere CO2 egress [Takahashi et al., 
2002] and is hypothesised to have contributed significantly to glacial CO2 drawdown through 
invigoration of the biological pump [Broecker, 1982; Sigman and Boyle, 2000] perhaps under 
conditions of increased micronutrient availability and decreased silicic acid utilization [Pichevin 
et al., 2009]. Thus, our improved understanding of the alkenone signal has important implications 
not only for our understanding of productivity dynamics in the eastern equatorial oceans but 
also for global silicate, carbon and, through oceanic regulation of atmospheric CO2 and global 
temperatures, on ice-sheet budgets.
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Next, we consider G-IG timescale phytoplankton community dynamics. At both sites, a greater 
ratio of siliceous fragments to calcareous nannofossils superimposed on higher MARs of 
both biogenic components during glacials (Figures 3.3, 3.4 and 3.5) illustrates a simultaneous 
productivity increase in both phytoplankton groups but with a much greater increase in the 
absolute abundance of diatoms than coccolithophores. This non-linear increase in diatom 
productivity with increasing total primary productivity is well documented in the modern 
ocean, and the G-IG timescale phytoplankton dynamics that we document for the Pliocene are 
remarkably similar to those recently demonstrated in field studies [Barber and Hiscock, 2006; 
Cermeño et al., 2008] to operate on timescales of days to years. Ultimately, this difference in 
magnitude of productivity response is attributable to the ability of diatoms to store nutrients in 
vacuoles and achieve higher maximum growth rates under unstable eutrophic conditions (see in-
depth discussion in Barber and Hiscock [2006]). 
3.10 Summary & conclusions
We show strong correlations between palaeo-records from the equatorial Atlantic and Pacific 
oceans for three hypothesised palaeoproductivity proxies of differing origin within the 
phytoplankton community. We conclude that Reticulofenestra spp. were likely the principal 
calcifying synthesisers of C37 alkenones during the late Pliocene. Our results imply that, on 
orbital timescales, C37 alkenone accumulation in upwelling areas is representative of surface ocean 
export productivity, not only of the alkenone-synthesising coccolithophores but also of the wider 
phytoplankton community including the siliceous diatoms. We suggest that the close covariance 
between haptophyte and diatom productivity may be explained by the particular life strategies 
employed by the alkenone-synthesising coccolithophores in upwelling zones and their response to 
nutrient enrichment. Thus, we hypothesise that the relationship we document between C37total and 
export productivity likely also applies in other nutrient-enriched oceanic environments. Our data 
provides evidence that a strengthened biological pump operated in the EEP and EEAtl upwelling 
zones during late Pliocene glacial periods.
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3.11 Taxonomic appendix
Calcidiscus leptoporus (Murray & Blackman) Loeblich and Tappan, 1978
Cd. macinyrei (Bukry and Bramlette, 1969a) Loeblich and Tappan, 1978 (>10 µm)
Cd. tropicus Kamptner, 1956 sensu Gartner, 1992 (<10 µm)
Calciosolenia murrayi Gran, 1912
Ceratolithus Kamptner, 1950. Species were not differentiated
Coccolithus pelagicus (Wallich, 1877) Schiller, 1930 Wide range of morphotypes. Specimens 
with central area open or transverse bar reported separately. Small (5-10 µm) and large (>10 µm) 
morphotypes reported separately.
Discoaster assymetricus Gartner, 1969c
D. brouweri Tan, 1927b emend. Bramlette and Reidel, 1954
D. pentaradiatus Tan, 1927b
D. triradiatus Tan 1927b
Florisphaera profunda Okada and Honjo, 1973
Gephyrocapsa < 3.5 Am. Arbitrary size subdivision following Rio et al. (1990)
Helicosphaera carteri (Wallich, 1877) Kamptner, 1954
H. carteri var. wallichii (Lohmann, 1902) Theodoridis, 1984
H. sellii (Bukry and Bramlette, 1969b) Jafar and Martini, 1975
Pontosphaera discopora Schiller, 1925
P. japonica (Takayama, 1967) Nishida, 1971
P. multipora (Kamptner, 1948) Roth, 1970
Pseudoemiliania lacunosa (Kamptner, 1963) Gartner, 1969c
P. ovata (Bukry, 1973b) 
Reticulofenestra Hay et al, 1966. These are generally size-defined following the taxonomy of Young 
(1998)
R. haqii Backman, 1978/R. spp. 3– 5 µm
R. minuta Roth, 1970/R. spp. < 3 µm (VSR)
R. pseudoumbilicus (Gartner, 1967b) Gartner, 1969c. R. spp. >7 µm
R. spp. 5 –7 Am, noted by Backman and Shackleton (1983)
Rhabdosphaera Haeckel, 1894. Species were not differentiated
Scyphosphaera Lohmann, 1902. Species were not differentiated
Syracosphaera pulchra Lohmann, 1902
Tetralithoides Theodoridis, 1984 emend. Jordan et al., 1993. Species were not differentiated
Thoracosphaera Kamptner, 1927 Calcareous dinocyst species were not differentiated 
Umbilicosphaera jafari Müller, 1974b
U. rotula (Kamptner, 1956) Varol, 1982
U. sibogae var. foliosa (Kamptner, 1963) Okada and McIntyre, 1977
U. sibogae var. sibogae (Weber-van Bosse, 1901) Gaarder, 1970
Chapter 3: late Pliocene upwelling zone palaeoproductivity     63
3.12 Acknowledgements
 This work used samples provided by the Ocean Drilling Program (ODP). The ODP (now 
IODP) is sponsored by the US National Science Foundation and participating countries under 
management of the Joint Oceanographic Institutions ( JOI), Inc. We thank Denise Kulhanek 
and Woody Wise Jr. at Florida State University for assistance in slide preparation using the 
SMS method and April Martin at Brown University for sending samples. Financial support 
was provided by a Natural Environmental Research Council (NERC) studentship to CTB 
(NER/S/A/2006/14218) and a UK IODP grant to PAW. SJG acknowledges NERC and 
Royal Society university research fellowships. KTL and TDH acknowledge funding from the 
U.S National Science Foundation. We thank Toby Tyrrell, Alan Kemp, Patrick Holligan, Mark 
Moore, Tom Bibby and Rosalind Rickaby for discussions. We thank three anonymous reviewers 
for constructive comments that significantly improved this manuscript.
64 Chapter 3: late Pliocene upwelling zone palaeoproductivity
3.13 Supporting auxiliary material
Table 3.1: Mean relative abundances of nannofossil species and genera at ODP Sites 846 and 662 
during the study interval.
Species/Genus Average relative abundance (%)
ODP Site 846 ODP Site 662
Calcidiscus leptoporus 2.931 4.077
Cd. Macintyrei 0.450 0.281
Cd. Tropicus 0.533 0.089
Calciosolenia murrayi 0.006 0.015
Ceratolithus spp. 0.012 _
Coccolithus pelagicus 1.984 0.729
Discoaster assymetricus 0.003 0.003
D. brouweri _ 0.366
D. pentaradiatus _ 0.058
D. tamilis _ 0.001
D. triradiatus _ 0.001
Unidentifiable 6 rayed Discoaster 0.660 0.062
Discoaster fragments 0.427 0.320
Florisphaera profunda 18.561 21.832
Gephyrocapsa spp. 0.040 0.028
Helicosphaera carteri 0.664 1.717
H. carteri var. wallichii 0.090 0.189
H. sellii 0.216 0.635
Pontosphaera discopora 0.059 0.071
P. japonica 0.024 0.007
P. multipora 0.130 0.193
Pseudoemiliania spp. 3.552 3.434
Reticulofenestra haqii 13.648 14.444
VSR (incl. R. minuta) 53.312 47.238
R. pseudoumbilicus 0.083 0.006
R. spp. 5 –7 1.002 0.470
Rhabdosphaera spp. 0.019 0.026
Scyphosphaera spp. _ 0.001
Syracosphaera pulchra 0.272 1.224
Tetralithoides spp. _ 0.002
Thoracosphaera spp. 0.062 0.202
Umbilicosphaera jafari 1.134 1.562
U. rotula 0.045 0.054
U. sibogae var. foliosa 0.020 0.077
U. sibogae var. sibogae 0.011 0.585
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Figure 3.7: Alkenone mass accumulation rates at A: ODP Site 846 and B: ODP Site 662. Note 
different scales on y-axes. MIS = marine isotope stage.
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Figure 3.6: Siliceous fragments at Site 662 (this study, blue circles/solid line) compared to percent 
SiO2 data from the same site [Ruddiman and Janecek, 1989] (black diamonds/dotted line). MIS = 
marine isotope stage. Both records are tuned to the LR04 benthic stack [Lisiecki and Raymo, 2005].
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Figure 3.8: Dissolution indices at ODP Site 846: A: Percent CaCO3 [Mix et al., 1995]. B: Percent 
coarse fraction (>150 µm) normalised to CaCO3 content [Shackleton et al., 1995], retuned to the 
LR04 stack [Lisiecki and Raymo, 2005]. Percent coarse fraction is a sensitive indicator of CaCO3 
dissolution, with values decreasing (i.e., less whole foraminifera tests) as dissolution increases. 
[e.g., Bassinot et al., 1994; Haug and Tiedemann, 1998]. C: The ratio between disarticulated and 
articulated Calcidiscus leptoporus shields, an indicator of calcareous nannofossil preservation (see 
section 3.5.2). This ratio increases with increasing CaCO3 dissolution. D: The sum of the relative 
abundances of dissolution-resistant species: Discoaster spp. (excluding D. pentaradiatus), Calcidiscus 
tropicus and C. macintyrei. E: The sum of the relative abundances of dissolution-susceptible species: 
Pontosphaera spp., Helicosphaera spp., Syrachosphaera pulchra, Thoracosphaera spp., Umbilicosphaera 
sibogae var. sibogae and U. jafari. Susceptibility groupings are based on Gibbs et al. [2004b]. Grey 
bars denote glacials.
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Figure 3.9: Dissolution indices at ODP Site 662. A: Percent CaCO3 [Ruddiman and Janecek, 
1989]. B: foraminifera fragments (normalised to calcareous nannofossil abundance). Increased 
foraminifera fragmentation indicates increased CaCO3 dissolution. C: The ratio between 
disarticulated and articulated Calcidiscus leptoporus shields. D: The sum of the relative abundances 
of dissolution resistant species (as in Fig. 3.8) E: The sum of the relative abundances of dissolution 
susceptible species (as in Fig. 3.8). Grey bars denote glacials.
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Chapter 4
Biotic and geochemical evidence for a global 
latitudinal shift in export productivity during 
the late Pliocene
This chapter forms the basis of a manuscript in preparation with the following authors:
Bolton, C.T., K.T. Lawrence, S.J. Gibbs, P.A. Wilson, & T.D. Herbert (to be submitted 2010). 
4.1 Abstract
During the late Pliocene (~3 to 2.5 Ma), globally distributed records of opal and C37 alkenone 
accumulation display an apparent secular shift towards lower values in the high latitudes and 
higher values in the low and mid latitudes. These shifts are coincident with a decrease in pCO2 
inferred from boron- and alkenone-based reconstructions, and are interpreted as changes 
in export productivity. The reliability of the interpretation that a global latitudinal shift in 
productivity occurred, however, is uncertain because of the nonlinear processes associated with 
production, export, and preservation. Here, we investigate the relationship between inferred 
export productivity change and surface water primary production signal, as recorded by the 
calcareous nannoplankton, an important phytoplankton group contributing to both the 
biological and carbonate pumps. We present new high- and low-latitude records of nannofossil 
assemblage variability, and compare these data with new (ODP Site 982) and published 
(ODP Site 846) records of C37 alkenones from the same sediments. Results corroborate the 
interpretation of C37 alkenone accumulation as a proxy for gross export productivity at these sites, 
and suggest that enhanced tropical productivity may have contributed to CO2 drawdown during 
the late Pliocene. Comparison of calcareous nannofossil data with alkenone-based sea surface 
temperature and export productivity records at North Atlantic Site 982 indicates that assemblage 
variations at this site are primarily associated with changes in productivity rather than SST.
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4.2. Introduction 
4.2.1 A late Pliocene climate transition
Around 3 to 2.5 million years ago (Ma), globally distributed records of past biological export 
productivity as recorded by C37 alkenone concentration (C37total) and opal content display a 
secular shift, with inferred productivity decreasing in the high-latitude oceans and increasing in 
the low- to mid-latitude oceans. In Figure 4.1, a new C37total record from the North Atlantic Ocean 
is shown in the context of published pCO2 and export productivity records from different sites. 
Subarctic Pacific Ocean (Fig. 4.1C) [Haug et al., 1999; Sigman et al., 2004] and coastal Southern 
Ocean (Fig. 4.1H and I) [Hillenbrand and Ehrmann, 2005; Hillenbrand and Cortese, 2006] 
sites respectively display a rapid and gradual decrease in biogenic opal accumulation around 2.9 
to 2.7 Ma. This signal is generally interpreted to represent a decrease in siliceous phytoplankton 
export productivity and is broadly coincident with a reduction in pCO2 inferred from both boron 
isotopes (δ11B) in foraminiferal calcite and the carbon isotopic composition (δ13C) of alkenones 
(Fig. 4.1A) [Seki et al., 2010]. Around the same time, our new record of C37total from the North 
Atlantic Ocean also displays a shift towards lower values (Fig. 4.1B). Meanwhile in the tropical 
and temperate coastal upwelling zones of the California Margin (Fig. 4.1D) [Dekens et al., 2007; 
Liu et al., 2008], the eastern equatorial Atlantic (not shown) [Ruddiman and Janecek, 1989; 
Cortese et al., 2004], the eastern equatorial Pacific (Fig. 4.1E) [Lawrence et al., 2006; Dekens et al., 
2007] and the Namibian coast (Fig. 4.1F and G) [Cortese et al., 2004; Etourneau et al., 2009], an 
increase in both opal and C37total is evidenced in records, potentially indicative of a transition to a 
higher productivity regime.
Potentially, these inferred changes in marine productivity during the late Pliocene have significant 
climatic implications. Relative to the atmosphere, the ocean can store ~60 times more CO2 
[Berger, 1985]. Alongside the solubility pump, the biological pump can contribute significantly 
to the transfer of carbon from the atmosphere-surface ocean system to the deep ocean via 
changes in oceanic biological productivity, thus storing carbon on geological timescales [Mix, 
1989; Falkowski et al., 1998]. The importance and efficiency of this transfer can depend on the 
relative production of different phytoplankton groups [Arrigo et al., 1999; Cermeño et al., 2008; 
Matsumoto and Sarmiento, 2008] as well as circulation, temperature and nutrient chemistry 
[Archer et al., 2000]. The success of different phytoplankton groups in a given environment is 
a function of their varying ecological strategies and preferences such as growth rate, turbidity 
tolerance and nutrient requirements [Margalef, 1978; Young, 1994]. Diatoms (siliceous 
phytoplankton) are generally thought to dominate the transfer of organic carbon to the deep 
ocean in high-nutrient environments [Ragueneau et al., 2000; Uitz et al., 2010]. However, 
coccolithophores (calcareous nannoplankton), which typically dominate the phytoplankton 
population in warm stratified environments yet are numerically more abundant in high-nutrient 
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upwelling areas [Young, 1994; Cermeño et al., 2008], are unique amongst the phytoplankton 
because they play an important role in both the organic (via the biological pump) and inorganic 
(via the carbonate/solubility pump) carbon cycles [Winter et al., 1994].
4.2.2 Interpretation of palaeoproductivity proxies
The concentration of sedimentary components of biological origin such as C37 alkenones and 
opal preserved in sediments (Fig. 4.1) is controlled not only by production but also by varying 
degrees of preservation and dilution or concentration by other components (see [Bolton et al., 
2010b] for a detailed discussion). In brief, the accumulation of biogenic opal in sediments reflects 
the competing influences of production by siliceous plankton (primarily diatoms and radiolaria), 
water-column recycling, opal solubility, and removal from undersaturated seawater by burial 
(see review by [Ragueneau et al., 2000]). The accumulation of alkenones, organic molecules 
biosynthesised by certain haptophyte algae, is related to production rate in the surface ocean as 
well as organic matter preservation, itself a function of oxygenation and sedimentation rate. A 
study of palaeoproductivity on glacial-interglacial (G-IG) timescales in upwelling zones of the 
Pliocene eastern equatorial Pacific (EEP) and Atlantic Oceans illustrates high covariance between 
C37total and phytoplankton-based export productivity proxies [Bolton et al., 2010b], however 
further work is needed to interpret the C37total proxy in different oceanic environments and on 
secular timescales. 
Figure 4.1 (previous page): Globally distributed records of export productivity over the last 5 Ma. 
A: pCO2 estimate ranges based on boron isotopes measured in Globigerinoides ruber foraminiferal 
calcite (pink) and the isotopic composition of alkenones (blue) from ODP Site 999 in the 
Caribbean Sea [Seki et al., 2010]. In B to I, export productivity records are displayed from North to 
South; green curves are C37 alkenone concentration (C37total) records and purple curves are percent 
biogenic silica (%BSi) records. B: C37total at ODP Site 982 in the North Atlantic; C: %BSi at ODP 
Site 882 in the subarctic Pacific [Haug and Sarnthein, 2005]; D: C37total at ODP Site 1012 on the 
California Margin [Liu et al., 2008]; E: C37total at ODP Site 846 [Lawrence et al., 2006]; F: C37total at 
ODP Site 1082 in the South East Atlantic (Benguela upwelling region) [Etourneau et al., 2009]; G: 
%BSi at ODP Site 1082 [Perez et al., 2001; Robinson and Meyers, 2002; Etourneau et al., 2009]; H: 
%BSi from ODP Site 1095 in the Pacific sector of the Southern Ocean [Hillenbrand and Ehrmann, 
2005]. I: %BSi from ODP Site 1096 in the Pacific sector of the Southern Ocean [Hillenbrand and 
Fütterer, 2001].
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Calcareous nannoplankton are sensitive to environmental change, inducing spatial and temporal 
variability in abundance and assemblage composition, with most species confined to relatively 
narrow ecological ranges. Thus, changes in nannofossil assemblage composition allow us to assess 
the surface-ocean biotic response to environmental perturbations. We undertook a detailed 
study of calcareous nannofossil assemblages at two sites with contrasting baseline environmental 
conditions (one North Atlantic and one equatorial upwelling site) with the aim of better 
understanding the nature of the productivity shifts inferred from records of biogenic sediment 
accumulation. Specifically, we aim to (1) test the assumption that C37total is representative of 
gross export productivity at two sites with contrasting productivity regimes, and (2) further 
understanding of the relationship between global productivity changes and a documented pCO2 
decrease during the late Pliocene. Here, we present new biotic and geochemical evidence in 
support of a prominent secular export productivity change in the late Pliocene equatorial Pacific 
and North Atlantic Oceans.
4.3. Materials and Methods
4.3.1 Site Descriptions
Ocean Drilling Program (ODP) Sites 982 and 846 were chosen to compare high- and low-
latitude calcareous nannoplankton dynamics in response to an inferred productivity shift because 
C37total records generated at both sites reveal a step-shift in C37total during the late Pliocene between 
about 3 and 2.5 Ma (Fig. 4.2). The alkenone sea surface temperature (SST) record of ODP Site 
982 (Fig. 4.2A) is published in Lawrence et al. [2009] and alkenone SST and C37total records from 
ODP Site 846 (Fig. 4.2B) are originally published in Lawrence et al. [2006].
ODP Site 982 is located on the Rockall Plateau in the northern North Atlantic Ocean (latitude: 
57°30.99’N, longitude: 15°52.00’W) (Fig. 4.3) at a water depth of 1134 m, in the path of North 
Atlantic Intermediate Water (NAIW). Sediments are dominated by well preserved biogenic 
carbonates - predominantly nannofossil ooze [Shipboard Scientific Party, 1996]. In the modern 
North Atlantic Ocean, coccolithophore production is highest between late spring and early 
autumn [Okada and McIntyre, 1977; Andruleit, 1997]. ODP Site 846 is located 300 km due 
south of the Galapagos Islands on the southern edge of the Carnegie Ridge (latitude: 3°5.7’ S, 
longitude: 90°49.07’ W, water depth: 3296 m) (Fig. 4.3), near the regional lysocline estimated at 
3200 m [Hagelberg et al., 1995].  Sediments are composed primarily of calcareous (nannofossil) 
and siliceous (diatom and radiolaria) ooze [Shipboard Scientific Party, 1992]. Site 846 is located in 
the EEP cold tongue, where trade winds and surface current configuration induce a shallow nutri-
thermocline, strong upwelling of cool nutrient-rich water and hence high biological productivity 
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[Bjerknes, 1969; Kessler, 2006]. Modern macronutrient (nitrate and phosphate) and silicate 
concentrations in the photic zone of the EEP are significantly higher than in the modern-day 
North Atlantic [Garcia et al., 2006], and EEP primary productivity is high year-round [Turk et 
al., 2001].  
4.3.2 Age models and sampling
The ODP Site 982 age model [Lawrence et al., 2009] was constructed by Lisiecki & Raymo 
[Lisiecki and Raymo, 2005] based on correlation of the benthic δ18O stratigraphy for this site to 
the LR04 stack [Lisiecki and Raymo, 2005] using Match 2.0 software [Lisiecki and Lisiecki, 2002]. 
Application of this age model yields a mean sedimentation rate of 3.36 cm/ky (highly variable 
within the range ~1 to 5 cm/ky) during the study interval (2583-2242 ka, 56.89-49.50 metres 
composite depth - mcd, 66 samples). ODP Site 982 sediments were sampled every 7.5 cm (mean 
~2 ky resolution) in the lower (older) part of the study interval (2583-2495 ka, 56.89-53.59 mcd, 
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Figure 4.2: Records of Uk’37 sea surface temperature (SST) and C37 alkenone concentration 
(C37total) from A: ODP Site 982. SST record is publ shed in Lawrence et al. [2009]; and B: ODP 
Site 846 [Lawrence et al., 2006].
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46 samples) and at 20 cm intervals (mean ~13 ky resolution) in the upper part of the section 
(2495-2242 ka, 53.59-49.50 mcd, 20 samples), after the decrease in C37total. The age model for 
ODP Site 846 was constructed by Lawrence et al. [2006] by tuning the benthic δ18O stratigraphy 
for this site [Shackleton et al., 1995] to the LR04 global benthic oxygen isotope stack [Lisiecki and 
Raymo, 2005]. This tuning resulted in an average (relatively constant) sedimentation rate of 4.70 
cm/ky during our study interval (~3000-2900 ka, 191.73-184.88, 77 samples). ODP Site 846 was 
sampled at 10 cm intervals throughout, resulting in an average temporal resolution of ~1.8 ky. 
The intervals chosen for high-resolution nannofossil assemblage work contain the greatest step-
change in C37total at both sites; thus the study intervals for Site 846 and 982 are not identical in age 
or duration (Fig. 4.2). Figure 4.1 shows that the changes in C37total, opal and inferred pCO2 that 
occur during the late Pliocene, although close in timing in geological terms, are asynchronous. 
C37total and opal records from the tropical and Southern Oceans generally display an earlier 
onset (~3.2 to 2.8 Ma) and a more gradual change in C37total and opal accumulation relative to 
northern sites (Fig. 4.1H and I). In contrast, the high northern latitude records (Fig. 4.1B and C) 
indicate an abrupt change with a delayed onset (~2.7 to 2.5 Ma) relative to sites further south. 
The decrease in pCO2 commences around 3.0 to 2.9 Ma (Fig. 4.1A) (see Seki et al. [2010] for 
details). Although temporal resolution and age control are specific to each site, the disparity in 
timing even between sites with good age control via benthic isotope stratigraphies make it likely 
that asynchronicity is a real feature of global climate trends at this time, with the equatorial and 
Southern Ocean sites perhaps responding to a common driver and the high northern latitudes 
more sensitive to another forcing or feedback. 
Figure 4.3: Map showing the location of ODP Sites 982 and 846, overlain on a map of mixed 
layer depth (equivalent to thermocline depth) in the modern ocean (Source: Ocean Data View).
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4.3.3 Alkenone methods
Alkenones were extracted from freeze-dried sediment samples (~2.5 g average dry weight) 
using a Dionex accelerated solvent extractor, ASE, 200 and 100% dicholoromethane. Alkenone 
concentrations were determined via gas chromatography using an Aglient 6890 GC-FID. 
Detailed analytical procedures are outlined in Lawrence et al. [2009]. C37total is defined as the sum 
of the concentrations of C37:2 and C37:3 ketones per unit dry weight of sediment and is determined 
by referencing peak areas of these compounds to those of reference standards n-hexatriacontane 
(C36) and n-heptatricontane (C37), which are added after extraction of the compounds and 
prior to sample injection into the gas chromatograph. Using replicate extraction of an internal 
laboratory sediment standard as well as replicate analyses of individual samples we estimate an 
analytical error of ~10 % for C37total measurements. 
4.3.4 Floral assemblage counts
Whole assemblage calcareous nannofossil counts (i.e., all species were counted) were carried out 
as in Bolton et al. [2010a] and Gibbs et al. [2004a] from smear slides prepared using standard 
techniques [Bown and Young, 1998] and all counts were performed on a cross-polarizing 
microscope at x1500 magnification. In a first count, all specimens were counted from a minimum 
of eight fields of view (FOV), until a statistically significant total of at least 500 nannofossils 
was obtained. A second count was performed from an additional approximately 40 FOV or 100 
less common individuals in order to better quantify the relative abundances of the less common 
taxa, i.e., those with abundances <2 % in the first count. The taxonomy of Perch-Nielsen [1985] 
and Young [1998] was followed throughout. The number of siliceous fragments (>3 µm) was 
also counted in FOV of the first count. Numbers were normalised to calcareous nannofossil 
abundances by dividing the number of siliceous fragments by the number of nannofossils 
counted in the same FOV, and are thus expressed as the ratio of siliceous fragments to calcareous 
nannofossils, as in Bolton et al., [2010b]. 
4.3.5 Nannofossil-based indices
At ODP Site 846, very small Reticulofenestra (VSR) coccolith relative abundances were used in 
conjunction with Florisphaera profunda coccolith abundances to monitor nutricline depth using 
the N ratio [Flores et al., 2000; López-Otálvaro et al., 2008; Bolton et al., 2010b]. This index is a 
ratio between two taxa, therefore potential biases related to the closed sum effect are eliminated. 
The N ratio index was not calculated at Site 982 because it is only applicable in (sub)tropical 
systems where the lower photic zone dwelling coccolithophore F. profunda flourishes. 
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At both sites, calcareous nannofossil preservation was monitored using a dissolution index based 
on the level of disarticulation of Calcidiscus leptoporus shields, a measure of dissolution based on 
a single species, thus eliminating ecological influence [McIntyre and McIntyre, 1971; Matsuoka, 
1990; Findlay and Giraudeau, 2002; Blaj et al., 2009]. The Shannon Index of diversity was 
calculated at both sites and is a measure of both species diversity (number of different species) 
and the degree of evenness (equitability) of the population in each sample. For a summary of 
the modern and inferred palaeoecological preferences of the Pliocene nannofossil taxa discussed 
herein, please refer to Bolton et al., [2010a]. Siliceous fragments were counted at both sites as a 
measure of siliceous export productivity [Bolton et al., 2010b], however data for Site 982 show 
statistically insignificant abundances and so are not shown.
4.3.6 Statistical analysis of floral assemblages
To quantify the degree of statistically significant variability in nannofossil assemblages, we apply 
a method developed by S. Gibbs et al. (submitted to Geology).  In this method, raw relative 
abundance data of genera or species are first smoothed using SiZer (Significant Zero crossing 
of derivatives) [Chaudhuri and Marron, 1999], a space-scale technique that uses a ‘family of 
smoothing’ approach to detect significant features over all possible bandwidths. This procedure 
removes the need to prescribe a specific bandwidth over which to smooth data, a practice that 
can determine which features are observed and interpreted as ‘real’. SiZer-smoothed records thus 
contain the maximum degree of variability from the original data series that is deemed statistically 
significant, i.e., a greater signal to noise ratio. 
Secondly, the running standard deviation of each SiZer-smoothed record is derived using a 7 
ky moving window to produce a down-core record that captures variability at the scale of the 
productivity transitions of interest. So as not to give more weight to records of more abundant 
species, each standard deviation record is divided by the mean relative abundance of the species 
or genus in question across the study interval. Standard deviations are subsequently summed to 
produce a single record of summed standard deviation (Σsd), representative of variance in the 
whole nannofossil assemblage. To avoid skewing the Σsd record towards genera with very low 
abundances, only genera and species with mean relative abundance >1 % are included (Fig. 4.9), 
however these still constitute >99 % of the total assemblage at both sites. To ensure that whole-
assemblage variability is not simply a result of large changes in the relative contribution of the 
dominant taxon (VSR at both sites), i.e., a result of the closed-sum effect, relative abundances 
were recalculated excluding VSR and the SiZer/Σsd method was repeated. Σsd records are 
therefore expressed as ‘all genera’ and ‘excluding VSR’. 
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4.4 Results and discussion
4.4.1 ODP Site 982
The calcareous nannofossil assemblage at Site 982 is dominated by Reticulofenestra species and 
Coccolithus pelagicus, with smaller contributions from Pseudoemiliania spp., Calcidiscus spp., 
Syrachosphaera pulchra, Helicosphaera spp., Pontosphaera spp., and Umbilicosphaera spp. (Fig. 
4.4A). This assemblage is characteristic of mid- to high-latitude sites, with the dominance of 
cosmopolitan and cool-water favouring taxa and smaller contributions from more typically 
tropical and subtropical taxa. Between 2500 and 2360 ka, the assemblage shows a two major step-
shifts dominated by changes in small Reticulofenestra abundances (Fig. 4.4A). 
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Figure 4.4: Calcareous nannofossil assemblage composition over secular productivity shifts at A: 
ODP Site 982 (~2600-2240 ka), and B: ODP Site 846 (~3000-2900 ka).
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At this North Atlantic site, SST changes during our study interval are dominated by G-IG 
shifts (~3 to 5 °C amplitude) (Fig. 4.5A). The C37total record, on the other hand, is dominated 
by a secular change from low to very low concentrations centered at ~2500 ka (from ~0.8 to 
~0.1 nmol g-1; Fig. 4.5B) sustained for the remainder of the Plio-Pleistocene record (Fig. 4.2A). 
Changes in C37total at Site 982 correlate well with sedimentation rates (R=0.68, not shown), with a 
secular decrease coincident in both records. 
4.4.1.1 Palaeoecological indices
The most prominent feature of the nannofossil record at Site 982 is a rapid decrease in VSR 
abundance from a constant ~80 % to less than 40 % at ~2500 ka (Fig. 4.5C) coincident with 
the decrease in C37total (Fig. 4.5B). This decrease in VSR abundances and consequent relative 
abundance changes in other genera between ~2500 and 2400 ka is reflected in both the Shannon 
Index and the Σsd record. The Shannon Index displays an elevated plateau between ~2500 
and 2400 ka indicating increased species diversity and/or equitability (Fig. 4.5D), whereas 
the Σsd record (all genera) exhibits a distinct maximum between 2400 and 2500 ka (Fig. 4.5E) 
interpreted as above-background assemblage variability. Although VSR abundances recover to 
some degree, relative abundances stabilise at ~70 % following a ~100 ka low (Fig. 4.5C), and 
consequently Shannon Index values stabilise at a higher level than prior to the VSR decrease. 
Thus, the final nannofossil assemblage is fundamentally different in composition to the initial one 
before ~2500 ka (Figs. 4A and 5D). 
Decreases in the abundances of the typically more mesotrophic genera Reticulofenestra, Calcidiscus 
and Pseudoemiliania (Fig. 4.9A and 4.10A) are observed around the same time as the decrease in 
C37total (Fig. 4.5B). Increases in the abundances of Umbilicosphaera spp. and Coccolithus pelagicus 
also occur at this time (Fig. 4.9A and 4.10A). Overall, abundance trends in the dominant and 
subordinate nannofossil taxa are indicative of a shift to a less productive assemblage, with a 
reduced dominance of small placcolith-bearing coccolithophores typical of more mesotrophic 
environments [Young, 1994; Flores et al., 1995]. This is consistent with the observed simultaneous 
decreases in C37total (Fig. 4.5B) and sedimentation rates (not shown) at Site 982 around 2500 
ka, as well as a reduction in the number of coccoliths per gram of sediment [Baumann and 
Huber, 1999] (Fig. 4.6). All proxies indicate a secular decrease in coccolithophore (and, because 
coccolithophores are the primary phytoplankton constituent, total export) productivity at Site 
982 at ~2500 ka. 
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Much of the total assemblage variance associated with the C37total decrease stems from changes 
in Reticulofenestra abundance, highlighted by the Σsd records (Fig. 4.5E). The dissolution index 
applied shows relatively constant values, with greater variability between 2600 and 2450 ka likely 
resulting from the higher sampling resolution in this earlier portion of the record (Fig. 4.5F). 
Changes in dissolution are not significantly correlated to changes in the Shannon Index or Σsd, 
indicating that the rapid changes in VSR relative abundances are not an artifact of increased/
decreased dissolution of these relatively susceptible small coccoliths.
No consistent covariance between SST and Σsd is evidenced, suggesting that the oceanic 
changes occurring at ~2500 ka that provoke a drop in C37total have a greater effect on the overall 
nannofossil assemblage than do SST changes on G-IG timescales. When the influence of VSR is 
removed, the remainder of the assemblage (now dominated by Coccolithus pelagicus) shows greater 
Σsd variance on the timescale of SST changes (Fig. 4.5A and E), suggesting that abundances of 
C. pelagicus and subordinate genera are influenced by temperature to a greater extent than VSR 
during our study interval. This is consistent with the interpretation that Reticulofenestra species 
are able to tolerate a broad range of temperatures [McIntyre and Bé, 1967; Young, 1994]. 
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Figure 4.5: Palaeoecological 
proxies at ODP Site 982. 
Records are smoothed using 
SiZer (symbols are raw 
data, black lines are SiZer 
smooths). Glacial marine 
isotope stages are indicated. A: 
Uk’37 SST [Lawrence et al., 
2009]. B: C37total alkenone 
concentration C: very small 
(<3 μm) Reticulofenestra (VSR) 
abundance. D: Shannon Index of 
diversity (higher values indicate 
increased species diversity 
and/or evenness). E: Summed 
standard deviation records (Σsd, 
see methods) including (grey) 
and excluding (red) VSR. F: 
Dissolution index. Higher values 
indicate increased disarticulation 
and dissolution.
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4.4.2 ODP Site 846
The calcareous nannofossil assemblage at Site 846 is dominated by Reticulofenestra and 
Florisphaera profunda coccoliths; with smaller contributions from Pseudoemiliania spp, 
Coccolithus pelagicus, Calcidiscus spp, Helicosphaera spp., Pontosphaera spp, Gephyrocapsa spp., 
Discoaster spp. and Umbilicosphaera spp. (Fig. 4B). The co-dominance of Reticulofenestra and F. 
profunda along with the presence of subordinate tropical and sub-tropical species is characteristic 
of a low-latitude upwelling nannofossil assemblage. 
SST and C37total at Site 846 are tightly coupled on orbital timescales, presumably as a result of 
changes in upwelling dynamics on G-IG timescales [Lawrence et al., 2006]. However, changes 
in C37total on long timescales are decoupled from secular SST changes, with the former displaying 
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and Huber, 1999]; B: Coccolith concentration [Baumann and Huber, 1999]; C: C37total mass 
accumulation rate; D: Magnetic susceptibility, an indicator of terrigenous sediment input presumably 
via ice-rafting [Shipboard Scientific Party, 1996]; E: Ice-rafted debris concentration (all lithics counted 
in 125-500 μm fraction) [Baumann and Huber, 1999]. All records are plotted on the age model of 
Lawrence et al. [2009] and smoothed with a 3-point running mean.
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higher values between ~3 and 1.5 Ma and the latter reflecting the long-term Plio-Pleistocene 
global cooling trend (Fig. 4.2B). At ~2930 ka, a large shift in C37total to higher values (from ~5 to 
~25 nmol g-1) and an accompanying (shorter-term, see Fig. 4.2B) SST drop (from ~26 to 24°C) 
are observed in alkenone records (Fig. 4.7A and B).
4.4.2.1 Palaeoecological indices
The largest changes in the nannofossil record at Site 846 result from increases in VSR abundances 
relative to those of the lower photic zone dweller Florisphaera profunda (Fig 4B). Changes in the 
relative contributions of these two groups, coincident with SST decreases and C37total increases 
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Figure 4.7: Palaeoecological 
proxies at ODP Site 846. 
Records in panels A-E and K are 
smoothed using SiZer (symbols 
are raw data, black lines are 
SiZer smooths). In panels F to 
J, only SiZer-smoothed records 
are shown. Glacial marine 
isotope stages are indicated. 
A: Uk’37 SST [Lawrence et 
al., 2006], B: C37total alkenone 
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Chapter 4: late Pliocene esport productivity     83
around 2970 ka and 2930 ka, are manifested as increases in the N ratio (Fig. 4.7C) and decreases 
in the Shannon Index (Fig. 4.7D). An increase in N ratio is interpreted as a nutricline shoaling 
and an increase in upper photic zone productivity, whereas a decrease in Shannon Index reflects 
the contemporaneous greater relative dominance of Reticulofenestra coccoliths (i.e., reduced 
evenness in the assemblage). The abundance of siliceous fragments (principally of diatom origin) 
also increases in concert with C37total and N ratio increases (Fig. 4.7E), indicating a greater ratio of 
siliceous to calcareous nannofossil export productivity during these inferred higher productivity 
intervals. Variability in the nannofossil assemblage as illustrated by the Σsd record (Fig. 4.7F) 
is consistent with other indices, showing highest Σsd (assemblage variability) during times of 
maximum change in N ratio, C37total and SST.
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Figure 4.8: Sedimentary component mass accumulation records from ODP Site 846 over the past 5 
Ma. A: Calcium carbonate (CaCO3) MAR [Shipboard Scientific Party, 1992]; B: Total organic carbon 
(TOC) MAR [Shipboard Scientific Party, 1992]; C: Opal MAR [Mix et al., 1995]; D: C37 alkenone 
MAR [Lawrence et al., 2006]; E: The ratio of CaCO3 to TOC in sediments. All records are smoothed 
with a 3-point running mean. MARs were calculated by multiplying concentration/percent data by dry 
bulk density and linear sedimentation rate.
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Increases in the abundance of Coccolithus pelagicus, Calcidiscus spp. and Pseudoemiliania spp. as 
well as a decrease in Discoaster spp. abundances (Fig. 4.9B and 4.10B) are observed associated 
with the SST decreases and increases in C37total (Fig. 4.7A and B). These assemblage changes are 
consistent with the interpretation of a transient increase in productivity around 2970 ka (MIS 
G18) and a larger productivity increase starting at ~2930 ka. Changes in the nannofossil-based 
dissolution index employed do not appear to be associated with changes in either SST or C37total 
(Fig. 4.7G), suggesting that assemblage changes represent a real ecological response to changing 
surface water conditions.
The association of cool temperatures with higher nutrient contents in upwelling waters make 
it difficult to decouple these influences on the nannofossil assemblage. However, our analysis 
indicates that the greatest amplitude of whole-assemblage variability is associated with the SST/
C37total transition at ~2930 ka. Over this transition, changes in the subordinate species and genera, 
arguably those closest to the limits of their ecological tolerances and therefore most likely to 
reflect changing conditions, dominate the Σsd signal (Fig. 4.7F, ‘all genera’ versus ‘VSR excluded’). 
4.4.3 Comparison of calcareous nannoplankton responses at our 
two sites
Large responses in the calcareous nannoplankton as illustrated by palaeoecological and 
abundance records (Figs. 4.4, 4.5, 4.7) are observed at both sites over our study intervals, despite 
very different inferred productivity regimes. It is not possible to directly compare the magnitude 
of the C37total signal between our sites because of different ocean chemistry and organic carbon 
preservational histories in the two ocean basins, but our findings testify to the sensitivity 
of calcareous nannoplankton to changing surface water conditions in two very different 
oceanographic regimes. Sedimentation rates, which provide a first order estimate of productivity, 
indicate that overall export productivity is significantly higher in the EEP than in the N. Atlantic, 
in line with the higher C37total concentrations in the EEP. In the high-productivity upwelling zone 
of the EEP, changes in the calcareous nannoplankton are accompanied by an increase in siliceous 
productivity and a shift in the relative contribution of different phytoplankton functional groups 
(Fig. 4.7E), consistent with an increase in nutrient availability and a stronger biological pump. 
At ODP Site 982 the initial productivity regime is more oligotrophic, as indicated by the absence 
of siliceous microfossils, lower sedimentation rates, low C37total values and nannofossil species 
composition. Based on the absence of diatom/radiolarian skeletal remains in the sediments, 
calcareous nannofossils seem to dominate primary production before and after the inferred 
productivity decrease (and accompanying drop off in sedimentation rates), with standing stocks 
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likely lower at this North Atlantic site than at the EEP upwelling site. Reticulofenestra species 
are the principal component of the nannofossil assemblage (Fig. 4.4B), as well as the most 
likely calcifying synthesiser of C37 alkenones during the late Pliocene [Bolton et al., 2010b]. 
Thus, the C37total signal at ODP Site 982 originates from the most abundant species of the main 
phytoplankton group, making it likely to be representative of gross export productivity. The 
overall assemblage response to the inferred productivity shifts as illustrated by the Σsd records is 
of much greater magnitude at Site 982 than at Site 846 (Fig. 4.5E versus 7F), suggesting increased 
sensitivity of the high-latitude nannoplankton assemblage compared to the tropical assemblage. 
 
4.4.4 A global secular productivity shift during the Late Pliocene
To interpret the long-term shifts in C37total and opal displayed in Figure 4.1 as productivity 
records, it is necessary to eliminate the possibility that these changes result from changes in 
the preservation of organic matter and/or opal, or changes in the export efficiency of organic 
carbon. Taking preservation first, at upwelling sites where multiple productivity indicators have 
been measured [Lawrence et al., 2006; Dekens et al., 2007; Etourneau et al., 2009], co-variation 
between organic and opal-based productivity proxies makes it unlikely that the observed C37total 
shifts at ~3 Ma result from a secular change in organic matter preservation. Additionally, a 
comparison between C37total and percent nitrogen (%N) in sediments from the California Margin, 
used together as an indicator of organic matter degradation (because N-containing molecules 
are relatively more labile than alkenones) indicates no significant change in degradation between 
4.1 and 1.4 Ma [Liu et al., 2008]. Furthermore, our results based on calcareous nannoplankton 
remains from ODP Sites 982 and 846 support trends inferred from both organic and opal-based 
proxies.
Our new data indicate that the secular changes in C37total observed in the sedimentary record at 
ODP Sites 846 and 982 were accompanied by significant biotic variability in the surface-dwelling 
calcareous nannoplankton. Such large changes in assemblage composition cannot readily be 
explained by a change in export efficiency alone, which would tend to alter the ratios between 
particulate organic carbon, particulate inorganic carbon, and biogenic silica rather than the 
composition of the settling calcareous nannofossil assemblage. The new calcareous nannofossil 
data presented herein therefore support the suggestion that secular changes in C37total and opal 
represent a shift in surface ocean productivity in globally distributed ocean regions. 
It is likely that, rather than being forced by a single common mechanism; the global productivity 
changes illustrated in Figure 4.1 are caused by regional, diachronous responses associated with the 
cooling and NHG, e.g., [Ravelo et al., 2004]. One important consideration is whether observed 
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increases in biogenic sediment accumulation constitute interbasin or intrabasin redistributions 
of nutrients and therefore opal/organic carbon/calcium carbonate deposition (i.e. no net global 
productivity increase) or a net global increase in organic pump strength and carbon burial 
rate, with implications for the observed concurrent pCO2 decrease. We will now discuss, with 
consideration to our new data, a number of hypotheses put forward to explain these late Pliocene 
inferred productivity changes. 
4.4.4.1 High-latitude ocean opal sedimentation shifts
The North Pacific opal crash at ~2.7 Ma (Fig. 4.1C) [Rea and Snoeckx, 1995; Snoeckx et al., 1995; 
Maslin et al., 1996; Haug et al., 1999] has been interpreted as a productivity decrease resulting 
from the abrupt development of a permanent halocline (vertical salinity gradient) at this time 
[Haug et al., 1999; Haug et al., 2005; Swann et al., 2006; Reynolds et al., 2008]. The resultant 
stratification may have reduced ventilation rates of nutrient- and CO2-rich deep water and 
increased the efficiency of the biological pump, i.e. resulted in greater nutrient utilisation. This 
would have switched the North Pacific from a significant source to a minor sink of CO2, possibly 
providing a positive feedback for the propagation of NHG [Haug et al., 1999] and causing 
significant changes in silicon cycling [Reynolds et al., 2008]. 
Decreases in Southern Ocean opal accumulation have been associated with increased annual 
sea-ice cover [Hillenbrand and Ehrmann, 2005; Hillenbrand and Cortese, 2006], water column 
stratification as a result of the reduced sensitivity of density to temperature at low temperatures 
[Sigman et al., 2004; 2007], and changes in the position and strength of the westerly winds that 
drive upwelling in the Southern Ocean [Toggweiler et al., 2006]. Regardless of the mechanism(s) 
involved, reduced CO2 exchange between the ocean surface and the atmosphere is thought to 
have ensued, with reduced ventilation of Southern Ocean deep water since ~2.7 Ma potentially 
providing a positive feedback on global cooling and NHG via the carbon cycle [Hodell and Venz-
Curtis, 2006]. 
4.4.4.2 High-and low-latitudes linkages via ‘oceanic tunnels’ 
An increase in annual sea ice cover and enhanced stratification in the Southern Ocean following 
the onset of the intensification of NHG is compatible with the observation that biogenic opal 
accumulation increased rather than decreased at Southern Ocean sites north of the Antarctic 
Polar Front (APF) around 2.5 Ma. This is explained by a northward movement of the dissolved 
silica pool, which fuelled productivity and shifted the main Southern Ocean opal depocentre 
to the permanent open-ocean zone further north [Cortese et al., 2004; Hillenbrand and Cortese, 
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2006]. The northward advection of surface water rich in silicic acid to Southern Ocean regions 
north of the APF would have transported these waters directly into the winter formation regions 
of Subantarctic Mode Water (SAMW), immediately north of the Antarctic Circumpolar Current 
[McCartney, 1982; Sarmiento et al., 2004]. Consequently, after ~2.7 Ma, water with higher 
nutrient concentrations would have subducted to form SAMW, which then travels northwards 
by ‘oceanic tunnels’ (directly via entrainment into the subtropical gyres and indirectly via western 
boundary currents [McCartney, 1982]) to feed intermediate depth and thermocline waters in the 
subtropical and equatorial regions. The expansion of sea-ice in the Southern Ocean and resultant 
cooling of waters that subsequently feed the tropical thermocline has been demonstrated to be 
a viable mechanism to explain tropical Pacific cooling [Lee and Poulsen, 2005; Lee and Poulsen, 
2006]. It is reasonable to assume that SAMW also provides a conduit for nutrients to the lower 
latitude oceans [Spero and Lea, 2002; Liu and Yang, 2003; Sarmiento et al., 2004]. Thus, a 
northward advection of the Southern Ocean nutrient pool, perhaps occurring alongside a global 
shoaling of the ventilated thermocline [Philander and Fedorov, 2003], is compatible in terms of 
both effect and timing with the increase in productivity observed in proxy records around 3 to 2.5 
Ma in numerous tropical and subtropical upwelling areas including EEP Site 846 [Ruddiman and 
Janecek, 1989; Mix et al., 1995; Lawrence et al., 2006; Dekens et al., 2007; Etourneau et al., 2009].
4.4.4.3 Possible increased organic carbon burial
In order to explain the late Pliocene pCO2 decrease [Seki et al., 2010] in the context of increases 
in opal and C37total MAR in the low-latitude oceans, one could invoke ‘silicic acid leakage’ from 
the Southern Ocean [Brzezinski et al., 2002; Matsumoto et al., 2002; Matsumoto and Sarmiento, 
2008] on long timescales. In this hypothesis, a shift in phytoplankton composition towards 
increased dominance of diatoms over calcifying phytoplankton would act to decrease the export 
ratio of calcium carbonate (CaCO3) to organic carbon (Corg), thus increasing Corg burial and 
contributing to net CO2 drawdown [Matsumoto and Sarmiento, 2008]. Although diatoms do 
not appear to have flourished at the expense of coccolithophores at Site 846, with both opal 
and C37total displaying an increase in MAR alongside the increase in Corg around ~3 Ma (Fig. 4.8; 
see also Fig. 3 in [Dekens et al., 2007]), it is likely that the diatom productivity increase was of 
a higher order of magnitude relative to that of the coccolithophores [Bolton et al., 2010b]. This 
large shift in favour of siliceous export production would act to decrease the local CaCO3 to Corg 
ratio and result in CO2 drawdown. The most direct test of the silicic acid leakage hypothesis is 
to look at the CaCO3 to Corg export ratio at the suggested destination sites of silicic acid leakage 
[Matsumoto and Sarmiento, 2008], in this case the low-latitude oceans. Calculation of this ratio 
in Site 846 sediments indicates a decrease in CaCO3 to Corg at ~3 Ma, concurrent with increases 
in opal and alkenone MAR and consistent with increased Corg burial at this time (Fig. 4.8). 
However, the interpretation of the CaCO3 to Corg ratio in the sedimentary record is complicated 
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by the differing controls on Corg versus CaCO3 preservation and possible lateral sediment 
redistribution. i.e., the preserved ratio ideally needs to be corrected for downcore preservation 
changes and normalised to obtain vertical flux (e.g., using Thorium normalisation as applicable 
in the late Pleistocene); see [Richaud et al., 2007] for an example. Given the semi-quantitative 
nature of uncorrected biogenic sediment MAR records in the pre-Pleistocene and the absence of 
an imprint on the deep-sea carbon isotope record [Hodell and Venz-Curtis, 2006], it is difficult 
to distinguish between a global change in the CaCO3 to Corg rain ratio resulting in enhanced Corg 
burial, or a shift in the location of biogenic sediment deposition from the high to the mid and low 
latitudes at ~3 Ma. 
4.4.5 The North Atlantic productivity response
Oceanographic conditions at tropical sites appear to be strongly linked to changes occurring 
in the Southern Ocean via upwelling and the circulation of SAMW. North Atlantic Site 982, 
on the other hand, may be responding more directly to northern hemisphere ice-sheet growth. 
Possible explanations for the observed North Atlantic productivity crash at ~2500 ka fall into 
two main categories: (1) those related to a change in surface water stratification, itself a result of, 
for example, variations in freshwater input or changes in wind-driven mixing, and (2) a change 
in the nutrient delivery to the sea surface overlying ODP Site 982, either caused by a shift in 
North Atlantic surface ocean circulation patterns or a (remote) change in the preformed nutrient 
content of the water mass(es) that feed the North Atlantic surface ocean. These possibilities are 
discussed in more detail below. 
The drop in C37total and associated nannofossil assemblage changes at Site 982 at ~2.5 Ma may 
reflect an abrupt reduction in productivity associated with the onset of significant stratification as 
a result of increased freshwater input. An increase in magnetic susceptibility coincident with the 
shift in C37total (Fig. 4.6C and D), interpreted as indicative of increased terrigenous flux via iceberg 
rafting to Site 982 [Shipboard Scientific Party, 1996], suggests that large-scale iceberg input to the 
North Atlantic commenced during MIS 100. This is supported by ice-rafted debris (IRD) data 
from Site 982 sediments (Fig. 4.6E) [Baumann and Huber, 1999], and is consistent with evidence 
indicating that the onset of both widespread and large-scale IRD deposition in the North Atlantic 
occurred during MIS 100 [Shackleton et al., 1984; Raymo et al., 1986; Raymo et al., 1989; Raymo 
et al., 1992; Flesche Kleiven et al., 2002]. A long-term increase in meltwater inputs to the North 
Atlantic may have caused salinity stratification and resulted in a threshold productivity response 
around 2.5 Ma. A similar mechanism is invoked in the North Pacific during the intensification of 
NHG, with large-scale meltwater inputs driving a strong halocline stratification that suppresses 
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primary productivity [Haug et al., 1999; Haug et al., 2005; Swann et al., 2006; Reynolds et 
al., 2008] and appears to persist through both glacial and interglacial climate states after its 
establishment [Swann, 2010]. Alongside increases in meltwater inputs, changes in the moisture 
(precipitation-evaporation) balance over the North Atlantic during the growth of a large NH 
ice sheet may also have influenced surface water salinities and stratification, e.g., [Haywood et al., 
2000b; Lunt et al., 2008]. 
A number of modelling studies comparing modern-day and ‘warm Pliocene’ (~3 Ma) conditions 
over the North Atlantic Ocean document increased surface pressure gradients and hence greater 
surface wind stress in Pliocene simulations relative to modern-day simulations [Raymo et al., 
1990; Haywood et al., 2000a; Haywood et al., 2000b]. If modern (less intense) wind stress patterns 
were established ~2.5 Ma, following the major Pliocene phases of North Atlantic cooling and ice-
sheet growth [Mudelsee and Raymo, 2005; Lawrence et al., 2009], the abrupt decrease in C37total at 
this time could reflect a productivity response to a decrease in the depth of wind-driven mixing 
(i.e., less nutrients mixed into the surface layer from below the nutricline thereafter).  
The possibility that an abrupt decrease in surface nutrient delivery to Site 982 (as opposed to, 
for example, reduced mixing) occurred at ~2.5 Ma is difficult to assess with available records, 
and could be the focus of future research. However, nutrient redistributions in the global ocean 
and decreased North Atlantic productivity have been suggested as a result of circulation changes 
related to the closure of the Isthmus of Panama, the final stages of which occurred around 3 to 2.5 
Ma alongside the intensification of NHG [Schneider and Schmittner, 2006]. 
4.5 Summary & conclusions
Detailed analysis of calcareous nannofossil assemblages at ODP Sites 982 and 846 over a key 
climatic transition during the late Pliocene intensification of NHG reveal significant assemblage 
change associated with this event. At North Atlantic Site 982, a significant and abrupt change 
in the calcareous nannofossil assemblage occurs coincident with a decrease in C37total. The lack 
of siliceous microfossils in these sediments suggests that coccolithophores were the dominant 
contributor to the primary productivity signal, and high abundances of Reticulofenestra mean that 
the interpretation of C37total as a proxy for total primary productivity at this site is appropriate. 
Comparison of Σsd with SST and C37total records indicates that the secular change in surface water 
conditions induced a greater response in the nannoplankton assemblage than did SST changes 
on glacial-interglacial timescales. At EEP Site 846, a shift towards a higher productivity regime 
is indicated by an increased contribution from siliceous phytoplankton, alongside changes 
in calcareous nannofossil assemblage composition indicative of a shoaling thermocline and 
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increasing primary productivity. New data and the application of Σsd to assess whole-assemblage 
variability in the nannofossil community support the interpretation based on the accumulation of 
biogenic sedimentary components that a global change in nutrient distribution with significant 
biotic implications occurred during the late Pliocene. 
We suggest that the export productivity changes occurring in concert with the intensification of 
NHG were a result of (1) polar stratification and/or sea-ice growth in the Southern Ocean, which 
affected the pathways and chemical signatures of mode waters that travel equatorward and feed 
the thermocline at lower latitudes and (2) changes related to surface ocean circulation, freshwater 
inputs and (or) wind patterns in the North Atlantic. The timing of the pCO2 decrease observed 
at ~2.9 Ma [Seki et al., 2010] is such that global increases in productivity and carbon export to 
the deep sea in the tropical and subtropical oceans commencing around 3 to 2.7 Ma may have 
constituted an additional feedback on pCO2, accelerating the rate of decline.
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Supplementary Figure 1
Figure 4.9: Relative abundance data of all species/genera with mean abundance over the study 
interval >1 % (i.e., those included in the summed standard deviation (Σsd) records) at A: Site 982 
and B: Site 846. Grey diamonds are raw data, black lines are SiZer smooths.
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Supplementary Figure 2
Figure 4.10: Relative abundances as a percentage of total assemblage (black) and as a percentage 
of total excluding Reticulofenestra (grey), calculated to verify that abundance trends are real and not 
biased by the influence of changes in the dominant taxon, at A: ODP Site 982 and B: ODP Site 
846.
Chapter 5
Millennial-scale climate variability in the 
subpolar North Atlantic Ocean during the late 
Pliocene
This chapter forms the basis of an article accepted for publication in Palaeoceanography: 
Bolton, C.T., P.A. Wilson, I. Bailey, O. Friedrich, C.J. Beer, J. Becker, S. Baranwal and R. Schiebel, 
(accepted Sept. 2010), Millennial-scale climate variability in the subpolar North Atlantic Ocean 
during the late Pliocene.
Supplementary material submitted with this manuscript is included at the end of this chapter 
(Section 5.9).
5.1 Abstract
Large-amplitude millennial-scale climate oscillations have been identified in late Pleistocene 
climate archives from around the world. These oscillations appear to be of larger amplitude during 
times of enlarged ice sheets. This observation suggests the existence of a relationship between 
large-amplitude millennial variations in climate and extreme glacial conditions, and therefore that 
the emergence of millennial-scale climate variability may be linked to the Pliocene intensification 
of northern hemisphere glaciation (iNHG). Here we test this hypothesis using new late Pliocene 
high-resolution (~400 yr) records of ice-rafted debris deposition and stable isotopes in planktic 
foraminiferal calcite (Globigerinoides ruber) generated from Integrated Ocean Drilling Program 
(IODP) Site U1313 in the subpolar North Atlantic (a reoccupation of the classic Deep Sea 
Drilling Project, DSDP, Site 607). Our records span marine oxygen isotope stages (MIS) 103-95 
(~2600 to 2400 ka) − the first interval during iNHG (~3.5 to 2.5 Ma) in which large-amplitude 
glacial-interglacial cycles and inferred sea-level changes occur. Our records reveal small-amplitude 
variability at periodicities of ~1.8 to 6.2 ky that prevails regardless of (inter)glacial state with no 
significant amplification during the glacials MIS 100, 98 and 96. These findings imply that the 
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threshold for the amplification of such variability to the proportions seen in the marine archive of 
the last glacial was not crossed during the late Pliocene and, in view of all available data, likely not 
until the Mid-Pleistocene Transition.
5.2 Introduction
Suborbital-scale climate instabilities (103-104 yr) are a prominent feature of the extreme 
glaciations of the late Pleistocene. One of the first clues that these glacials were characterised by 
large-amplitude, abrupt shifts in global climate came from the recognition of a series of rapid 
cooling and abrupt warming events in the Greenland ice-core δ18O records; named Dansgaard-
Oeschger (D-O) events [Langway Jr. et al., 1985; Johnsen et al., 1992; Dansgaard et al., 1993; 
Grootes et al., 1993]. D-O events reoccur on ~1.5 ky timescales or multiples thereof [Schulz, 
2002; Rahmstorf, 2003]. During the last glacial, D-O events have been shown to be broadly 
synchronous [Bond and Lotti, 1995] with sea surface temperature (SST) fluctuations of ~3 
to 8 °C [Bond et al., 1993; McManus et al., 1999; Calvo et al., 2001; de Abreu et al., 2003], 
iceberg discharges and ice-rafted debris (IRD) deposition in the subpolar North Atlantic Ocean 
[Heinrich, 1988; Bond et al., 1992; Broecker et al., 1992; Bond et al., 1993; Oppo et al., 1998; 
Bond et al., 1999; McManus et al., 1999; Hemming, 2004; Marshall and Koutnik, 2006], as 
well as climate instabilities further afield [Voelker and participants, 2002; Rohling et al., 2009]. 
Mechanisms proposed for large-amplitude climate change on suborbital timescales (i.e., 
timescales shorter than the highest Milankovitch frequency, <19 ky) are numerous [Alley et al., 
1999; Clark et al., 1999; McManus et al., 1999; Wara et al., 2000; McIntyre et al., 2001; Weirauch 
et al., 2008; Meyer and Hinnov, In press], however it is widely hypothesised that variable 
freshwater input to the northern North Atlantic Ocean and Nordic Seas, the formation regions 
of North Atlantic Deep Water (NADW), and resultant changes in thermohaline circulation 
[Broecker, 1997; Ganopolski and Rahmstorf, 2001; Knutti et al., 2004; Clement and Peterson, 
2008] are involved. 
Several studies of Pleistocene marine sediments conclude that the magnitude of suborbital-scale 
climate variability is a positive function of ice-sheet extent [Oppo et al., 1998; Raymo et al., 1998; 
McManus et al., 1999; Schulz et al., 1999; Weirauch et al., 2008]. Moreover, the idea of threshold 
behaviour of North Atlantic climate in response to ice-sheet size has been suggested on the basis 
of late Pleistocene records [McManus et al., 1999], with large-amplitude suborbital variability 
in surface water proxies appearing to occur whenever global sea level fell below ~−43 to −53 
m (relative to present) [Schulz et al., 1999; Bailey et al., 2010]. This hypothesis has important 
implications for the origin of D-O-type events because it implies that their roots may lie in the 
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maturation of northern hemisphere ice-sheets during the late Pliocene [Bartoli et al., 2006], when 
the magnitude of sea-level fall on orbital timescales first approached that estimated for the late 
Pleistocene glaciations [Cronin et al., 1994; Dwyer et al., 1995; Naish, 1997; Miller et al., 2005; 
Bintanja and van de Wal, 2008; Naish and Wilson, 2009; Sosdian and Rosenthal, 2009; Lourens et 
al., 2010; Siddall et al., 2010].
A number of studies have uncovered proxy evidence of millennial-scale climate variability prior 
to and during the intensification of northern hemisphere glaciation (iNHG) during the Pliocene 
[McIntyre et al., 2001; Draut et al., 2003; Becker et al., 2005; Bartoli et al., 2006; Becker et al., 
2006; Bailey et al., 2010; Weber et al., 2010]. However, until now no continuous suborbital-
resolution records exist spanning glacial marine oxygen isotope stages (MIS) 100, 98 and 96, 
which represent the oldest series of glaciations over the past 3 My during which eustatic sea-level 
fall has been reported by many to have persistently surpassed −50 m (relative to modern) [Cronin 
et al., 1994; Dwyer et al., 1995; Naish, 1997; Miller et al., 2005; Bintanja and van de Wal, 2008; 
Naish and Wilson, 2009; Sosdian and Rosenthal, 2009; Lourens et al., 2010]. Here we present 
new records from Integrated Ocean Drilling Program (IODP) Site U1313 (~40 ˚N), the only 
North Atlantic late Pliocene sequence with continuous coverage (at least to glacial-interglacial 
level) to have been recovered by advanced piston coring. We address the following hypotheses: 
(1) The amplitude of millennial-scale surface water instability is a function of (inter)glacial state. 
(2) Large-amplitude millennial-scale climate oscillations only occur once an inferred ice-volume 
threshold is crossed.
5.3 Site description
IODP Site U1313 constitutes a reoccupation of Deep Sea Drilling Program (DSDP) Site 607, 
originally drilled during Leg 94 [Ruddiman et al., 1987]. Together, DSDP Sites 607 and 609 (the 
latter reoccupied during Exp. 303 as IODP Site U1308) have proven to be benchmark sites for 
the study of the short- and long-term evolution of subpolar North Atlantic palaeoceanography 
[Raymo et al., 1989; Ruddiman et al., 1989; Bond et al., 1992; Broecker et al., 1992; Raymo et 
al., 1992; Bond and Lotti, 1995]. In contrast to sediments from older DSDP and ODP cores, 
the generation of high-resolution records from the reoccupied IODP sites is not compromised 
by the presence of coring gaps or sediment fabric disturbances resulting from the application of 
old drilling technology (i.e. extended core barrel techniques) [Shipboard Scientific Party, 1987; 
1996]. Moreover, the identification of a hiatus at Site U1308 during MIS 100 [Bailey et al., 2010] 
means that Site U1313 currently presents us with the only opportunity to construct suborbital-
scale continuous records from sediments drilled by advanced piston coring in the subpolar North 
Atlantic during MIS103-95. 
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Site U1313 is located at the base of the upper western flank of the Mid-Atlantic Ridge at a water 
depth of 3426 m, approximately 240 nautical miles northwest of the Azores archipelago (latitude 
41 °N, longitude 32.5 °W) (Figure 5.1). Site U1313 is under the direct influence of NADW and 
lies on the extreme southerly limit of the ‘IRD belt’. The IRD belt, originally defined for the last 
glacial cycle [Ruddiman, 1977b; Ruddiman, 1977a], describes the southwest-northeast trending 
band of maximum iceberg melting and hence IRD deposition between approximately 40 ºN and 
55 ºN in the Atlantic (Figure 5.1). Following others [e.g., McManus et al., 1999; Weirauch et al., 
2008], we use planktic foraminiferal δ18O as a proxy for variability in surface water properties. 
It has been suggested that variability in surface water δ18O becomes progressively subdued with 
increasing distance from the main IRD belt [Oppo and Lehman, 1995]. Presumably this idea 
calls for a reduced influence of the waxing and waning of the polar front and melting icebergs on 
surface water δ18O at sites further from the IRD belt. More recently, however, large-amplitude 
millennial-scale fluctuations in planktic δ18O have been documented in the western tropical 
Atlantic (32 °N) (~1 to 1.5 ‰ [Weirauch et al., 2008]), on the Iberian margin (~0.5 to 1.5 ‰ 
[de Abreu et al., 2003]) and at Site U1313 (~1 ‰ [Antje Voelker, pers. comm.]) during the late 
Pleistocene. 
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Figure 5.1: IODP Site U1313 [Expedition 306 Scientists, 2006] and other IODP/ODP sites 
discussed herein. The last glacial central North Atlantic IRD belt [Ruddiman, 1977b] is shown 
(blue shading) after Hemming [2004].
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5.4 Methods
5.4.1 Sampling
We sampled the shipboard primary splice for Site U1313 [Expedition 306 Scientists, 2006] 
guided by a preliminary age model [Expedition 306 Scientists, 2006] based on the correlation 
of shipboard-derived spectral colour reflectance (L*) to the LR04 benthic oxygen isotope stack 
[Lisiecki and Raymo, 2005]. Samples (20 cc) were taken at 2 cm intervals from cores U1313C-
12H-4W-0 cm to U1313C-13H-3W-50 cm (114.12 to 123.30 metres composite depth, mcd). 
The generation of an orbital resolution (~2 ky resolution) benthic oxygen isotope stratigraphy 
confirms that our target interval spans MIS 95 to MG1 (~2400 to 3350 ka) (Figure 5.2).
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Figure 5.2: Our study interval in the context of Plio-Pleistocene climate as tracked by benthic 
δ18O. A: The LR04 stack for the last 5 Ma [Lisiecki & Raymo, 2005], B: The LR04 stack over our 
study interval: 3.4 to 2.4 Ma [Lisiecki & Raymo, 2005], C: Cibicidoides wuellerstorfi δ18O values 
(adjusted to equilibrium; see methods) from IODP Site U1313 spanning ~3.4 to 2.4 Ma tuned to 
the LR04 age model. Certain glacials are named for reference.
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5.4.2 Stable isotopes and colour reflectance
Monospecific benthic stable isotope data were generated for MIS 95 to MG1 by analysing 
specimens of Cibicidoides wuellerstorfi picked from the >212 µm sediment fraction of washed 
samples at 10 cm intervals from 114.1 to 155.3 mcd, with 2 to 8 individuals typically analysed 
per sample. To characterise sea-surface variability at the millennial scale during MIS 103 to 95 
(~2400 to 2600 ka), specimens of Globigerinoides ruber white (of consistent morphotype) were 
picked from the 212-250 µm sediment fraction at 2 cm intervals from 114.50 to 123.28 mcd. For 
each sample, 30 G. ruber tests were analysed for their oxygen and carbon isotope composition 
(δ18Opl and δ
13Cpl). All stable isotope measurements were performed at the University of 
Southampton (National Oceanography Centre) using a Europa GEO 20-20 mass spectrometer 
equipped with an automatic carbonate preparation system (CAPS). Results are reported relative 
to the Vienna Pee Dee Belemnite (VPDB) standard with an external analytical precision, based 
on replicate analysis of an in-house standard calibrated to NBS-19, of 0.065 ‰ for δ18O and 
0.031 ‰ for δ13C (at 1σ level). δ18O values of C. wuellerstorfi (δ18Ocib) presented are adjusted for 
species-specific offsets from equilibrium by adding +0.64 ‰ VPDB [Shackleton and Hall, 1984]. 
For MIS 103-95 we also present time-series analysis of high-resolution (2 cm spacing) records of 
the shipboard-derived light reflectance parameter L* [Expedition 306 Scientists, 2006], which has 
been used widely as a proxy for lithology and carbonate content [Blum, 1997; Ortiz et al., 1999].
5.4.3 Ice-rafted debris quantification
To examine the nature of suborbital ice-rafting to our study site during MIS 103 to 95 we 
measured the concentration of lithic grains >150 μm per gram of dry sediment (at 2 cm 
resolution during glacial intervals and 10 cm resolution in between, where no IRD was present) 
using a standard method (e.g., Bond & Lotti [1995]) counting at least 300 grains. Following 
others [e.g., Jansen et al., 2000], we consider the abundance of coarse lithics to be a good first-
order proxy for the magnitude of iceberg and IRD delivery to our study site. Inspection of MIS 
102 samples revealed no coarse lithic grains, a finding consistent with the small-amplitude glacial-
interglacial (G-IG) change (~0.4 ‰) in benthic δ18O for this glacial (Figure 5.2) [Lisiecki and 
Raymo, 2005]; therefore counts were not performed in this portion of our record. Hereafter, we 
refer to coarse lithics as IRD. IRD concentrations are expressed as grains gram-1 of dry sediment 
and as a percentage (%) of total particles counted. Temporal variability in our IRD records is 
determined by cycle counting because spectral analysis cannot be confidently performed on these 
discontinuous records.
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5.4.4 Chronology
We utilise two age models in this study, based on the manual graphical correlation of our Site 
U1313 records using Analyseries [Paillard et al., 1996] (1) to the LR04 stack [Lisiecki and 
Raymo, 2005] (Figure 5.2 and 5.3B) and (2) to the benthic δ18O stratigraphy of ODP Site 967 
in the eastern Mediterranean [Becker, 2005; Lourens et al., 2010], hereafter termed LB10 (Figure 
5.11B). Tuning of our high-resolution records to these chronologies results in a mean temporal 
resolution of 394 yr (LR04) and 387 yr (LB10); highly comparable to and often greater than 
other published late Pliocene [Bartoli et al., 2006; Becker et al., 2006] and Pleistocene [McManus 
et al., 1999; Weirauch et al., 2008] North Atlantic records of millennial-scale climate variability.
The LR04 age model is based on tuning of stacked benthic δ18O records to an ice model 
incorporating a forcing function (21st June insolation at 65 ºN), a non-linearity co-efficient and 
an ice-sheet response time [Lisiecki and Raymo, 2005]. Tuning of our high-resolution Site U1313 
(MIS 103-95) records to the LR04 age model results in an average linear sedimentation rate of 
5.16 cm ky-1 (Figure 5.4). We minimise errors introduced into the chronology during tuning by 
inserting only one tie-point at the mid-point of each climatic (G-IG) δ18Ocib transition (Figure 
5.3). Uncertainty in the LR04 age model itself is estimated to be 6 ky for the interval 3 to 1 Ma 
[Lisiecki and Raymo, 2005].
As an alternative chronology for the interval spanning MIS 101-95, we export the LB10 timescale 
to Site U1313 using orbital tie points as above (Figure 5.11). The late Pliocene section of ODP 
Site 967 has been astronomically dated by tuning its Ti/Al record (a proxy for Mediterranean 
terrigenous input) to the precessional component of the 65 °N summer insolation curve of 
solution La93 [Lourens et al., 2001; Lourens et al., 2010]. This age model is thus independent 
of phase lags with respect to obliquity tuning as used in LR04. Its chronology exported to Site 
U1313 results in an average sedimentation rate of 5.43 cm ky-1 (Figure 5.4). The termination of 
MIS 100 is synchronous between the two age models, however a temporal offset of ~7 ky with 
respect to the onset of MIS 100 results in a longer duration for this glacial cycle when records 
are tuned to LR04 that to LB10. Because the LB10 age model does not cover our entire high-
resolution study interval, we use LR04 for figures in the main body of the text while records 
tuned to LB10 are shown in the auxiliary material (Section 5.9). 
Regardless of the age model applied, glacial stages 100 and 96 appear characteristically saw-tooth 
in shape with slow glacial inceptions and more rapid terminations, whereas MIS 98 is more 
symmetrical in shape [Lourens et al., 2010]. Age control at Site U1313 will undoubtedly be 
improved upon completion of a North Atlantic-wide relative palaeointensity (RPI) record, one of 
the primary objectives of IODP Expeditions 303/306 [Channell et al., 2009].
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Figure 5.3: High-resolution proxy palaeoclimate records from IODP Site U1313 (MIS 103-95) 
tuned to LR04 [Lisiecki & Raymo, 2005]: A: IRD in both percent (%) (black/left axis) and grains 
gram-1 dry sediment (red/right axis). Note inverted axes. B: The LR04 stack [Lisiecki and Raymo, 
2005], C: δ18Ocib from Site U1313 (‰, rel. to vPDB), with tie-points to the LR04 stack shown as 
red crosses/dotted lines, D: L* light reflectance parameter (%) [Expedition 306 Scientists, 2006] 
E: G. ruber δ18O (‰ vPDB), F: G. ruber δ13C (‰ vPDB), G: modelled global sea level relative 
to present (m) [Bintanja and van de Wal, 2008], H: average linear sedimentation rates (cm ky-1) 
between tie points.
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5.4.5 Sedimentation rates, standard deviation and variance
We calculated average glacial (G) and interglacial (IG) sedimentation rates as well as mean 
standard deviation and variance of high-resolution records to provide a first order estimation of 
sedimentation rate and proxy variability versus glacial state (see Table 5.1 for LR04 age model, 
Table 5.2 for LB10 age model). G and IG conditions are defined based on δ18Ocib values. For this 
purpose, the durations of MIS 100, 98 and 96 are defined by the first time that δ18Ocib crosses 
3.8 ‰ during the descent into, and ascent from, the glacial. MIS 102, a much smaller-amplitude 
glacial, is defined by the first time that δ18Ocib values of 3.3 ‰ are crossed in both directions. These 
values approximately coincide with the midpoints of glacial inceptions and terminations (Figure 
5.3C). 
In the LR04 age model, average G sedimentation rates are slightly lower than average IG rates 
(4.99 cm ky-1 versus 5.24 cm ky-1 respectively). Mean sedimentation rates derived from tuning 
our records to the LB10 age model show greater G to IG variability (6.47 cm ky-1 and 4.84 cm 
ky-1 respectively). Mean variance and standard deviation were calculated for L*, δ18Opl and δ
13Cpl, 
as well as these same datasets notch-filtered (frequency = 0.025, bandwidth = 0.07) to remove 
the dominant obliquity period. Filtering ensures that varying rates of change associated with 
Milankovitch periodicities do not bias the variance and standard deviation calculated for each 
G or IG interval. It is, however, important to note that variance and standard deviation values 
are influenced by the differing length and number of data points within each defined G or IG 
interval. 
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Figure 5.4: Age-depth plot for both of the Site U1313 age models discussed in this study.
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2421.33 95 5.07 25.899 5.089 0.034 0.184 0.014 0.117 6.172 2.484 0.011 0.104 0.006 0.075
2442.57 96 5.18 7.103 2.665 0.014 0.119 0.015 0.122 3.055 1.748 0.007 0.083 0.006 0.076
2466.84 97 5.93 9.993 3.161 0.053 0.231 0.021 0.144 0.874 0.935 0.006 0.079 0.004 0.064
2486.54 98 4.51 18.532 4.305 0.035 0.187 0.034 0.186 4.951 2.225 0.007 0.086 0.015 0.123
2503.49 99 5.64 23.526 4.850 0.078 0.279 0.025 0.157 4.147 2.036 0.008 0.089 0.007 0.086
2525.73 100 4.32 14.808 3.848 0.052 0.229 0.016 0.128 2.990 1.729 0.011 0.107 0.007 0.082
2547.85 101 4.99 7.538 2.745 0.043 0.208 0.017 0.132 1.205 1.098 0.003 0.055 0.002 0.046
2566.32 102 5.94 3.683 1.919 0.020 0.142 0.011 0.106 1.684 1.298 0.004 0.062 0.004 0.062
2583.79 103 4.56 9.462 3.076 0.007 0.085 0.010 0.102 2.674 1.635 0.003 0.053 0.003 0.057
average G 4.99 11.031 3.184 0.030 0.169 0.019 0.135 3.170 1.750 0.007 0.085 0.008 0.086
average IG 5.24 15.283 3.784 0.043 0.198 0.017 0.130 3.014 1.638 0.006 0.076 0.005 0.066
5.4.6 Statistical and spectral analyses
Spectral analyses were carried out on δ18Opl, δ
13Cpl and L* records using the multi-taper method 
assuming a red-noise model with the SSA-MTM Toolkit software [Ghil et al., 2002]. Analyses 
were carried out on datasets tuned to both age models to determine whether the chosen age 
model affected the resultant frequency spectrum. Data series were interpolated to preserve the 
maximum resolution in the original data, resulting in a constant time step of 0.34 ka (LR04 age 
model) and 0.28 ka (LB10 age model). Theoretically, the Nyquist frequency (defined as 1/[2 x 
sampling interval]) describes the limit up to which high-frequency information can be obtained 
from a particular dataset [Weedon, 2003]. Our LR04 and LB10 age models yield Nyquist 
frequencies of 1.24 cycles/ky and 1.3 cycles/ky respectively. It is generally argued, however, that 
a minimum of four data points per oscillation is required to make reliable interpretations based 
on cyclicity. It is unlikely that G. ruber isotope and L* time series are significantly aliased, first 
because of the high temporal resolution relative to suborbital-scale cycles and second because each 
data point represents a time-integrated average of contiguous 2 cm sampling. 
Table 5.1: Average glacial (G) and interglacial (IG) values of the variance and standard deviation 
(SD) of raw and filtered high-resolution climate proxies during MIS 95 to 103. All data are tuned 
to the LR04 age model [Lisiecki & Raymo, 2005]. The criteria by which G and IG intervals were 
determined are outlined in Section 5.4.5. Records were notch-filtered at a frequency of 0.025 and a 
bandwidth of 0.07 to remove the dominant obliquity frequencies.
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We used wavelet analysis [Torrence and Compo, 1998] to assess any changes in the occurrence 
or significance of periodic signals in our δ18Opl, δ
13Cpl and L* time series over time. All datasets 
were first notch-filtered (Gaussian filter with frequency 0.025, bandwidth 0.07) to remove the 
dominant obliquity period that affects the ability to resolve short periods, then interpolated as 
described above for spectral analysis. We assumed a red noise model and a 95 % confidence level 
for non-zero coherence. All computations were carried out in MATLAB using wavelet software 
written by C. Torrence and G. Compo available at http://paos.colorado.edu/research/wavelets/. 
Wavelet analyses of raw datasets were carried out but are not shown because the dominance of 
obliquity caused all suborbital frequencies to fall below the 95 % confidence level.
As an alternative means of statistically distinguishing ‘real’ features from background sampling 
variability (noise) in our δ18Opl record, we use a space-scale technique named SiZer (Significant 
Zero crossing of derivatives). SiZer [Chaudhuri and Marron, 1999] uses a ‘family of smoothing’ 
approach in which the detection of significant features is conducted over all possible bandwidths, 
i.e., removing the need to prescribe a specific bandwidth over which to smooth data, a practice 
that can determine which features are observed and thus deemed ‘real’. In this method, the 
statistical significance of the 1st and 2nd derivatives of the family of smooths is calculated using 
MATLAB [Chaudhuri et al., An Introduction to SiZer basics, www.unc.edu/~marron/
DataAnalyses/SiZer_Intro.html; accessed Jan. 2010], allowing assessment of the significance of 
each feature of the smoothed records.
5.5 Results 
5.5.1 IRD
The composition of IRD deposited at Site U1313 during our study interval is similar to that 
previously reported from other late Pliocene subpolar North Atlantic sediments [Becker et al., 
2006; Bailey et al., 2010], and is dominated by (haematite stained) quartz and feldspar, basaltic 
glass and siliciclastic rock fragments. Thus, IRD composition at Site U1313 resembles that of 
‘ambient IRD’ described from the North Atlantic in the last glacial cycle, as opposed to ‘Heinrich-
event IRD’, which also contains diagnostic detrital dolomite and limestone clasts (detrital 
carbonate) [Bond et al., 1992; Broecker et al., 1992; Bond and Lotti, 1995]. Concentrations of 
IRD during MIS 100, 98 and 96 are generally low (< 20 lithic grains gram-1 or 2 %), with peak 
values obtained during the deglacial phases of MIS 100 (38 grains gram-1 or 5.1 %) and MIS 98 
(47 grains gram-1 or 6.9 %) (Figures 5.3A and 5.11A). These values are comparable to previously 
published orbital resolution records of late Pliocene IRD abundance at DSDP Site 607 (0-2 % 
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>125 µm between 2500 and 2800 ka) [Flesche Kleiven et al., 2002], and not dissimilar to those 
found at more northern North Atlantic sites during the Holocene [Bond et al., 1997]. Cycle 
counting yields ice rafting events with a mean duration of ~2.5 ky (LR04 age model) or ~1.8 
ky (LB10 age model), recurring on average every ~2.7 ky (LR04 age model) or ~1.9 ky (LB10 
age model) during times of IRD deposition (Figures 5.5 and 5.12). This pattern of late Pliocene 
IRD events is consistent with the pacing of North Atlantic IRD events reported in published 
Plio-Pleistocene records [Bond and Lotti, 1995; Bond et al., 1997; Raymo et al., 1998; Bond et al., 
1999; McManus et al., 1999; Mc Intyre et al., 2001; Becker et al., 2006].
5.5.2 Suborbital variability
High-resolution δ18Opl, δ
13Cpl and L* data are shown in Figure 5.3 (LR04) and Figure 5.11 
(LB10). In Figure 5.6 we show two intervals of the δ18Opl, δ
13Cpl and L* records in which 
suborbital cycles are clearly visible in multiple data series, are supported by a reasonable number 
of data points (i.e., > 5), and with an amplitude greater than the range of external analytical error. 
Two subsections of these intervals highlighted in Figure 5.6 (blue shading, marked a’ and b’) also 
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Figure 5.5: Visual analysis of IRD cycles tuned to LR04. Mean, minimum and maximum cycle 
durations are indicated for each glacial period in panel A (continuous age scale). Vertical lines 
delineate IRD events in individual glacials in panel B, C and D. Note different scales on y-axes in 
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exhibit significant power at suborbital periods in wavelet analyses (pink circles in Figure 5.7A). 
Spectral analyses of our δ18Opl, δ
13Cpl and L* records reveal significant power above the 99 % 
confidence level (CL) at a number of suborbital frequencies. Raw and filtered datasets, tuned to 
both age models, show similar results (Figures 5.8 and 5.14). For δ18Opl, suborbital frequencies 
above the 99 % CL correspond to periodicities of 1.9 to 4.5 ky (LR04) or 1.4 to 4.5 ky (LB10). 
The δ13Cpl record contains periodicities above the 99 % CL of 1.8 to 3.3 ky (LR04) or 1.7 to 4.5 
ky (LB10). For L*, >99 % CL periodicities are between 2 and 6.2 ky (LR04) or 1.5 and 5.3 ky 
(LB10). To isolate the significant suborbital periodicities identified during spectral analysis of 
isotope records (LR04; 1.9 ky for δ18O and 1.8 to 2 ky for δ13C, Figure 5.8), we applied a specific 
Gaussian band-pass filter to each record. Variance at the ~2 ky period appears to be a prominent 
feature of both isotope records, with amplitude modulation apparently unrelated to glacial state 
(Figure 5.9). Wavelet analyses of filtered δ18Opl, δ
13Cpl, and L* records display variability above the 
95 % confidence level at suborbital frequencies between 1 and 8 ky (Figure 5.7 and 5.13). Patches 
of significant variance at suborbital frequencies occur during both G and IG intervals, with 
maximum variance centred around MIS 100-99-98 for all three records (Figures 5.7 and 5.13), 
and additionally during MIS 95 for L* (Figures 5.7C and 5.13C).
SiZer results (Figure 5.10) indicate that statistical significance can only reliably be attached 
to the slope and curvature changes associated with G-IG cycles, as indicated by the red and 
blue coloured areas in Figure 5.10B and C. The black (data driven) smooth curve in Figure 
5.10A suggests that small-amplitude suborbital-scale features are present in these data, however 
the SiZer significance maps (Figure 5.10B and D) indicate that, taking into account the 
time resolution and number of data points, these ‘features’ could result from natural sample 
fluctuations. 
With both age models, we document significant suborbital periodicities of between ~1.8 and 6.2 
ky duration in Site U1313 late Pliocene climate proxy records. The pacing of suborbital variability 
in our records is highly comparable to that reported from planktic foraminiferal isotope records 
from the Holocene [Bond et al., 1997], MIS 5 [Oppo et al., 2001], the early Pleistocene and 
Pliocene North Atlantic [Raymo et al., 1998; McIntyre et al., 2001; Draut et al., 2003; Bartoli 
et al., 2006], and specifically for MIS 100 in both the Mediterranean and the North Atlantic 
[Becker et al., 2005; Becker et al., 2006], Additionally, records of Pliocene colour reflectance from 
Greek lacrustine deposits [Steenbrink et al., 2003; Weber et al., 2010] and North Atlantic marine 
sediments [Ortiz et al., 1999] show similar pacing of suborbital-scale variability.
Regardless of the pacing of suborbital-scale change in our datasets, it is evident that the variability 
in δ18Opl at Site U1313 is small in amplitude (<0.5 ‰, Figure 5.3E) relative to that recorded in 
late Pleistocene North Atlantic records (0.5 to >1.5 ‰ [McManus et al., 1999; de Abreu et al., 
2003; Weirauch et al., 2008]). Low values of variance and standard deviation (for δ18Opl mean G 
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variance = 0.019 ‰, standard deviation = 0.14 ‰; Table 5.1) are found in the late Pliocene as 
compared to the late Pleistocene glacials, during which variance in δ18Opl averages 0.17 ‰ (MIS 
12 to 22) [Weirauch et al., 2008]. Furthermore, our records show no evidence for threshold-type 
amplification during glacial conditions (Table 5.1, Figures 5.7 and 5.9). 
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Figure 5.7: Wavelet analysis of A: δ18Opl, B: δ
13Cpl and C: L* for filtered time series (Gaussian 
notch-filtered at frequency 0.025 and bandwidth 0.07 to remove the dominant obliquity period) 
tuned to the LR04 age model. In each figure, the filtered input data series (top panel), the wavelet 
power spectrum (bottom left panel) and the global wavelet spectrum (bottom right hand panel, 
with 95 % CL shown in red) are shown. Grey shaded intervals represent glacials (as defined in 
Section 5.4.5). Black solid lines denote the 95 % confidence contours. The dashed black line 
represents the cone of influence, below which edge effects become important and confident 
interpretation cannot be drawn [Torrence and Compo, 1998]. Records from pink circled intervals a’ 
and b’ in Figure 5.7A are shown in detail in Figure 5.6.
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5.6 Discussion
In order to explain the absence of large-amplitude suborbital change in our datasets, it is necessary 
to consider the factors responsible for variability in our δ18Opl record. We first discuss the result of 
the SiZer analysis to evaluate significance in our record (Section 5.6.1). Subsequently, we examine 
the factors potentially contributing to the amplitude of change recorded in our δ18Opl record, 
namely sedimentation rates (Section 5.6.2), foraminiferal ecological preferences (Section 5.6.3) 
and environmental change (Section 5.6.4).
δ
13C
 G
. ruber filtered (‰
)
δ1
3 C
 G
. r
ub
er
 u
nf
ilt
er
ed
 (
‰
)
δ
18O
 G
. ruber filtered (‰
)
δ1
8 O
 G
. r
ub
er
  u
nf
ilt
er
ed
 (
‰
)
MIS 96 MIS 98 MIS 100 MIS 102
A
B
Age (ka)
-0.4
0
0.4
0.8
-0.04
0
0.04
-0.5
0
0.5
1
1.5
-0.08
-0.04
0
0.04
0.08
2450 2500 2550 2600
Figure 5.9: Gaussian band-pass filtered G. ruber isotope records (grey lines) plotted with 
unfiltered isotope records (blue lines) tuned to the LR04 age model. Filter design is based on 
significant spectral peaks in MTM spectral analyses (Figure 5.8). A: δ18Opl: frequency = 0.53 
(1/1887 years), bandwidth = 0.05 (2083 to 1724 years), B: δ13Cpl: frequency = 0.50 (1/2000 years), 
bandwidth = 0.05 (1818 to 2222 years). Grey shaded intervals represent glacials as defined in 
Section 5.4.5. Larger amplitude modulation in filtered records is not consistently associated with 
glacial intervals.
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5.6.1 SiZer analysis
To further evaluate the significance of suborbital signals in our δ18Opl record, we now consider 
the results of the SiZer statistical analysis of this time series (Figure 5.10). This result illustrates 
the problems associated with resolving high-frequency variability in deep-sea sediments, where 
sedimentation rates in undisturbed settings (i.e., excluding drift sites) are typically between 1 
and 5 cm ky-1. At these sedimentation rates, the detection and amplitude of millennial-scale 
variations in deep-sea sediments can be significantly affected by bioturbation [Keigwin and 
Guilderson, 2009]. Modelling results suggest that, in cores with sedimentation rates of ~10 cm ky-
1, substantial attenuation of the amplitude of millennial-scale signals occurs, with 30-70 % of the 
original signal lost depending on mixing strength [Anderson, 2001]. Visual inspection of the core 
intervals used in this study shipboard [Expedition 306 Scientists, 2006] and during post-cruise 
sampling indicate that bioturbation in our study interval is rare and moderate where present. 
Nevertheless, considering both average sedimentation rate (~5 cm ky-1) and sampling resolution 
(2 cm), it is likely that shorter duration millennial events have been attenuated by bioturbation to 
some degree and so are less well preserved relative to events of longer duration. 
The SiZer result at Site U1313 (i.e., statistical significance only reliably attached to G-IG changes, 
Figure 5.10) is perhaps not surprising given that application of this smoothing method to two 
classic Pleistocene δ18Opl records from high-sedimentation drift sites [McManus et al., 1999; 
Weirauch et al., 2008], both containing large-amplitude (>1 ‰) millennial-scale oscillations, 
does not yield statistically significant millennial-scale ‘events’ (Figure 5.15). These results can be 
understood in terms of the resolution and therefore number of data points defining suborbital 
cycles. Attaching statistical significance to millennial-scale ‘events’ using SiZer is only achievable 
in climate records with very high temporal resolution (decadal to centennial), for example, a 
number of the Holocene climate proxy records compiled by Rohling and Pälike [2005]. 
5.6.2 Sedimentation rates
Given that a key objective of this study is to compare the amplitude of suborbital change during 
G and IG stages, a thorough understanding of G-IG sedimentation rates is required because of 
the time integrating (aliasing) effect that they can impart on down core changes in the amplitude 
of millennial-scale variability [Weirauch et al., 2008]. However, regardless of age model or filter 
applied, no significant correlations are found between average sedimentation rates and average 
variance or standard deviation (Tables 5.1 and 5.2), suggesting that the amplitude of high-
frequency variance in our datasets is not controlled by changes in sedimentation rate.
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5.6.3 Species choice and potential ecological bias
It is possible that the ecological preference of G. ruber white for warmer temperatures (within 
the range 13 ºC to 32 ºC [Bijma et al., 1990; Schmidt and Mulitza, 2002]) could result in only 
the higher end of the glacial temperature spectrum being recorded in our record, thus artificially 
reducing the amplitude of suborbital change observed [Becker et al., 2006]. The mean relative 
abundances of G. ruber white at Site U1313 during glacials MIS 100, 98 and 96 (as defined in 
Section 5.4.5), are 2.7 %, 2.9 % and 5.3 % respectively, slightly lower than mean IG abundances 
of 7.5 % and 6.4 % for MIS 99 and 97, respectively (C.J. Beer, unpublished data). The minimum 
recorded relative abundance of G. ruber is 1.5 %, occurring during MIS 100. These relatively 
high abundances even during full glacial conditions show that the ecological boundaries of G. 
ruber were likely not crossed. Furthermore, alkenone-based SST records, which are independent 
of calcification temperature, indicate that (mean annual) SSTs at Site U1313 do not fall below 
16ºC during MIS 98 and 96, and not below 14 ºC during MIS 100 (David Naafs, pers. comm.), 
consistent with the inference that G. ruber was living within its ecological tolerances during these 
glacials. Additionally, we note that large-amplitude G-IG and suborbital variability is recorded 
in G. ruber δ18Opl during the cooler Pleistocene glacials despite a potential warm calcification 
bias by G. ruber [Weirauch et al., 2008]. Evidence from a more northern site using different 
planktic foraminiferal species [Bartoli et al., 2006] corroborates our interpretation that suborbital 
variability was of small amplitude during the late Pliocene. Thus, our favoured interpretation is 
that the small amplitude in our δ18Opl record is also unlikely to be primarily a function of species 
choice. 
5.6.4 Interpreting δ18Opl in terms of environmental variability
The large amplitude change in δ18Opl observed in the high latitude North Atlantic during the 
late Pleistocene is a function of the potentially competing influences on the oxygen isotopic 
composition of surface waters of: 1) global sea level e.g., as best observed during MIS 3 [Siddall 
et al., 2003], 2) SSTs [Maslin et al., 1995b; McManus et al., 1999], and 3) hydrographic change 
resulting from the addition of meltwater with a highly negative δ18O signature from ice-sheets and 
drifting icebergs [Bond et al., 1992] as well as meridional overturning circulation (MOC)-driven 
salinity oscillations [Weirauch et al., 2008]. In this regard, large additions of meltwater from 
drifting icebergs (δ18O = −20 to −30 ‰ VSMOW) have the potential to reduce the amplitude 
of variability recorded in δ18Opl if maximum iceberg melting (which decreases δ
18Opl) coincides 
with stadial-event cooling (which increases δ18Opl) [McManus et al., 1999]. However, at Site 
U1313, extremely low IRD fluxes can be inferred from our IRD record (Figure 5.3), as evidenced 
from the very low coarse lithic concentrations in comparison to sites further north, despite 
similar sedimentation rates [Flesche Kleiven et al., 2002; Becker et al., 2006; Bailey et al., 2010]. 
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Hence, we conclude that it is unlikely that episodes of negative meltwater input during glacials are 
responsible for the relatively reduced amplitude of suborbital variability in δ18Opl relative to that 
recorded in late Pleistocene records.
While we can reasonably exclude a detectable contribution to the δ18Opl signal from meltwater 
at Site U1313, it is difficult, in the absence of independent suborbital SST and eustatic sea-level 
records, to tease apart the influence of local salinity anomalies associated with a strengthening 
or weakening of MOC versus SST anomalies. Nevertheless, large amplitude shifts in δ18Opl 
occur during the Pleistocene at Site U1313 (Antje Voelker, pers. comm.) as well as at other sites 
outside the IRD belt [de Abreu et al., 2003; Weirauch et al., 2008]. Assuming that the phasing 
of potentially competing influences on δ18Opl has operated consistently throughout the Plio-
Pleistocene at our site, it is unlikely that large-scale eustatic sea level, SST or salinity changes on 
millennial timescales could have occurred without being expressed in our δ18Opl record. 
5.6.5 Relationship between late Pliocene suborbital variability 
and sea level
The small amplitude changes seen in our δ18Opl record at Site U1313 are comparable to the only 
other published broadly contemporaneous subpolar North Atlantic δ18Opl record (during MIS 
104, ~2610 ka) from ODP Site 984 (61 °N) [Bartoli et al., 2006]. Given the more northerly 
location of Site 984 (Figure 5.1), we cannot exclude the possibility that the amplitude of δ18O 
variability in surface waters at this site could have been muted by meltwater inputs during stadial 
events as described in Section 5.6.4. Nevertheless, Mg/Ca derived SSTs at this site indicate 
that suborbital temperature variability during MIS 104 was no greater than ~3 ˚C [Bartoli 
et al., 2006], significantly smaller than SST variability observed in this region during the late 
Pleistocene [McManus et al., 1999; de Abreu et al., 2003; Naafs et al., 2009; Stein et al., 2009]. 
Other than at Site U1313 (and its predecessor Site 607), no continuous suborbital-resolution 
δ18Opl records from the subpolar North Atlantic have been published for MIS 103-95, making it 
difficult to exclude the possibility that large-amplitude surface water variability may have occurred 
further north during the large glacials MIS 100, 98 and 96. This gap in our knowledge emphasises 
the unique contribution of our dataset to this debate and strongly highlights the need to recover 
additional continuously cored sections from more northerly locations. 
Estimates of glacial sea-level lowstands during our study interval cover a large range. Using a 
non-linear transfer function between sea level and Pacific benthic foraminiferal δ18O for the 
late Pleistocene, Siddall et al. [2010] estimated comparatively modest sea-level lowstands of −4 
m, −17 m, −21 m and −14 m (± 50-100 %) for MIS 102, 100, 98 and 96 respectively. Inverse 
forward modelling of sea-level change from the LR04 stack estimates lowstands of −4 ±8 m (MIS 
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102) and −60 to −70 ±8 m (MIS 100, 98 and 96) [Bintanja and van de Wal, 2008; Lourens et 
al., 2010]. These larger estimates are comparable to those inferred from benthic δ18O (which 
are in the range −60 to −70 ±14 m for MIS 100, 98 and 96) [Miller et al., 2005]. Sea-level 
fluctuations calculated from combined ostracode Mg/Ca ratios and benthic foraminiferal δ18O 
also produce estimates of −60 to −70 m (MIS 100, 98 and 96) [Dwyer et al., 1995], whereas sea-
level estimates based on combined benthic foraminferal Mg/Ca and δ18O data fall in the range 
−60 to −100 ±32 m (MIS 100, 98 and 96) [Sosdian and Rosenthal, 2009]. Based on continental 
margin stratigraphic sequences, sea-level fluctuations of −50 to −60 m (2.7 to 2.3 Ma) [Cronin et 
al., 1994], and up to −110 ±20 m  (MIS 100) [Naish, 1997; Naish and Wilson, 2009] have been 
inferred.
We note that a number of these sea-level estimates for MIS 100, 98 and 96 suggest that ice-
volume during these glacials surpassed that associated with large-amplitude suborbital change 
during the late Pleistocene, yet no significant amplification of high-frequency variability in surface 
water proxies at Site U1313 is observed. This observation suggests one or both of the following. 
(1) The threshold value for amplification is not crossed during MIS 100, 98 or 96; indicating 
that the upper-end estimates of late Pliocene glacial sea-level lowstands may be unrealistic. This is 
consistent with the recent suggestion that the onset of late Pliocene ice-rafting events is associated 
with a lower ice-volume threshold than in the late Pleistocene [Bailey et al., 2010]. (2) Factor(s) 
other than continental ice volume control the amplification of millennial-scale climate variability 
(as also highlighted by McManus et al. [1999]). For example, it has been shown that the rate, 
location or even depth of meltwater injection may be critical in initiating positive climate system 
feedbacks [Stanford et al., 2006].
The amplitude of millennial-scale variability observed in our records in MIS 102 versus MIS 100, 
98, and 96 is similar despite very different estimates of sea level for these glacials (−4 m versus 
−60-70 m). Hence, on the basis of our data, it appears that the amplitude of millennial-scale 
climate variability does not increase linearly over the range of sea-level fall associated with our 
study interval. In this regard, our data are consistent with the idea that subpolar North Atlantic 
millennial-scale climate exhibits threshold behaviour [McManus et al., 1999; Schulz, 2002]. 
Interestingly, this observation appears to contrast with evidence from elsewhere [Bartoli et al., 
2006], which indicates that the occurrence and amplitude of millennial-scale variability increases 
progressively during iNHG (3.1 to 2.5 Ma). Although our study interval does not cover glacial 
periods prior to MIS 102, the range of sea-level change inferred for MIS 103-95 encompasses that 
of orbital timescale sea-level falls for potentially important tipping points in climate instability 
during the late Pliocene iNHG i.e., MIS G6 (2.75 Ma) [Haug et al., 2005; Bartoli et al., 2006; 
Sarnthein et al., 2009]. New subpolar North Atlantic records are needed to test these differing 
hypotheses.
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5.7 Summary & conclusions
High-resolution late Pliocene δ18Opl, δ
13Cpl and L* records from Site U1313 in the subpolar North 
Atlantic clearly display variability at the suborbital scale. We apply a number of different methods 
to the quantification of the significance of this suborbital climate variability. Spectral analyses 
reveal a number of significant (>99 % CL) suborbital periodicities between ~1.8 to 6.2 ky in both 
filtered and unfiltered records of δ18Opl, δ
13Cpl and L*. Wavelet analysis of filtered δ
18Opl, δ
13Cpl 
and L* records illustrate that significant (>95 % CL) suborbital periods are not limited to glacial 
climates, corroborated by calculations of average variance and standard deviation in each G/IG 
interval. Application of SiZer, a technique that assesses the statistical significance of features in 
a smoothed record, did not result in the detection of significant suborbital-scale events either 
in our Site U1313 δ18Opl record or in two Pleistocene δ
18Opl records containing large-amplitude 
suborbital-scale variability. This result is primarily attributable to the sedimentation rates (and 
therefore time resolution) of these records, which are rarely great enough for the statistical 
significance of millennial-scale events to be proved beyond doubt. Our results also illustrate 
the potential problems encountered during the analysis of suborbital-scale climate variability in 
deeper time, where the absence of large ice-sheets (i.e., >−100 m sea level equivalent relative to 
modern) means that the amplitude of suborbital variability is generally small.
Millennial-scale oscillations in surface water proxies at IODP Site U1313 persist with relatively 
small amplitude regardless of glacial state and inferred sea level in the range ~0 to 70 ±8 m below 
present sea level. Our new Site U1313 data suggest that little or no amplification of suborbital-
scale variability within the boundary conditions of late Pliocene G and IG climates occurred. Our 
findings are consistent with the recent suggestion that a more appropriate tipping point for the 
amplification of millennial-scale climate change is the MPT [Weirauch et al., 2008]. Available 
data indicate that no significant large amplification of millennial-scale signals was produced by 
G-IG ice volume variations associated with either the large-amplitude Pliocene glacials MIS 100, 
98 and 96 (this study; Becker et al. [2006]) or the pre-MPT Plio-Pleistocene glacials [Larrasoaña 
et al., 2003; Weirauch et al., 2008]. Thus, it appears that ice-sheet volume equivalent to that 
attained by the MPT and the onset of large-amplitude 100-ky G-IG cycles (>100 m estimated 
sea level equivalent [Bintanja and van de Wal, 2008; Rohling et al., 2009]) is required to amplify 
millennial-scale climate variations to the proportions observed in late Pleistocene North Atlantic 
records [Bond et al., 1993; Oppo et al., 1998; McManus et al., 1999; Weirauch et al., 2008].
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2422.36 95 6.41 25.899 5.089 0.034 0.184 0.014 0.117 5.371 2.318 0.014 0.117 0.006 0.076
2434.85 96 6.34 6.990 2.644 0.014 0.118 0.013 0.115 3.696 1.922 0.008 0.089 0.004 0.064
2462.26 97 4.22 26.535 5.151 0.053 0.231 0.025 0.159 1.462 1.209 0.006 0.079 0.006 0.076
2486.29 98 6.14 18.532 4.305 0.035 0.187 0.034 0.186 4.785 2.188 0.007 0.085 0.018 0.134
2502.13 99 4.76 20.058 4.479 0.076 0.275 0.025 0.157 3.357 1.832 0.008 0.090 0.007 0.086
2519.09 100 6.92 7.355 2.712 0.050 0.224 0.017 0.132 4.038 2.010 0.012 0.109 0.006 0.080
2541.91 101 3.95 16.876 4.108 0.058 0.241 0.036 0.191 1.681 1.296 0.005 0.067 0.004 0.060
average G 6.47 10.959 3.220 0.033 0.176 0.022 0.144 4.173 2.040 0.009 0.094 0.009 0.093
average IG 4.84 22.342 4.707 0.055 0.233 0.025 0.156 2.968 1.664 0.008 0.088 0.006 0.075
average G 4.99 11.031 3.184 0.030 0.169 0.019 0.135 3.170 1.750 0.007 0.085 0.008 0.086
average IG 5.24 15.283 3.784 0.043 0.198 0.017 0.130 3.014 1.638 0.006 0.076 0.005 0.066
Table 5.2: Average glacial (G) and interglacial (IG) values of the variance and standard deviation 
(SD) of raw and filtered high-resolution climate proxies during Marine Isotope Stages (MIS) 95 to 
101. All data are tuned to the LB10 age model [Becker, 2005; Lourens et al., 2010]. The criteria by 
which G and IG intervals were determined are outlined in Section 5.4.5. Records were Gaussian 
notch-filtered at frequency 0.025 and bandwidth 0.07 to remove the dominant obliquity period.
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Figure 5.10: Results of SiZer analysis for δ18Opl tuned to the LR04 age model. 801 bins were 
calculated along the x-axis (although a reduction in bin number did not alter results) and a 95 % 
confidence interval was applied. A: Family overlay plot. Raw data are shown in red and the family 
of smooths in blue. The black line in the family overlay plot represents the smooth calculated with 
the bandwidth closest to a ‘data-driven’ choice (i.e., the most appropriate bandwidth for smoothing 
for the dataset under consideration) and is also indicated in maps B and D. B: Slope SiZer Map 
(1st derivative), indicates which increasing (blue) or decreasing (red) slopes in the smooth curves 
are statistically significant at given bandwidths. Purple colouring indicates that the evidence in the 
data is not strong enough to conclude a significant change, and grey colouring indicates that data is 
too sparse for meaningful inferences to be made. C: SiZer coloured scale space, a 3D representation 
combining the smoothed data in plot a (black line) with the 1st derivative significance data in 
plot B. Colour scale is the same as in B. D: Curvature SiZer Map (2nd derivative), cyan indicates 
significant upward (positive) curvature and orange significant downward (negative) curvature. 
More smoothing is required to achieve significance here because noise is felt more strongly in the 
2nd derivative.
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Figure 5.11: High-resolution proxy palaeoclimate records from IODP Site U1313 (MIS 103-
95) tuned to the LB10 age model [Becker, 2005; Lourens et al., 2010]. A: IRD in both percent 
(%) (black/left axis) and grains gram-1 dry sediment (red/right axis). Note inverted axes. B: C. 
wuellerstorfi δ18O data from ODP Site 967 (corrected to equilibrium calcite) [Becker, 2005; Lourens 
et al., 2010]. C: δ18Ocib from Site U1313 (‰, rel. to vPDB), with tie-points shown as red crosses/
dotted lines, D: L* light reflectance parameter (%) [Expedition 306 Scientists, 2006], E: G. ruber 
δ18O (‰ vPDB), F: G. ruber δ13C (‰ vPDB), G: average linear sedimentation rates (cm ky-1) 
between tie points.
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Figure 5.12: Visual analysis of IRD cycles tuned to LB10. Mean, minimum and maximum cycle 
durations are indicated for each glacial period in panel A (continuous age scale). Vertical lines 
delineate IRD events in individual glacials in panel B, C and D. Note different scales on y-axes in 
panels B, C and D.
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Figure 5.13: Wavelet analysis of A: δ18Opl, B: δ
13Cpl and C: L* for filtered time series (Gaussian 
notch-filtered at frequency 0.025 and bandwidth 0.07 to remove the dominant obliquity period) 
tuned to the LB10 age model. In each figure, the filtered input data series (top panel), the wavelet 
power spectrum (bottom left panel) and the global wavelet spectrum (bottom right hand panel, 
with 95 % CL shown in red) are shown. Grey shaded intervals represent glacials (as defined in 
Section 5.4.5). Black solid lines denote the 95 % confidence contours. The dashed black line 
represents the cone of influence, below which edge effects become important and confident 
interpretation cannot be drawn [Torrence and Compo, 1998]. 
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Figure 5.15: SiZer analysis of A: N. pachyderma (dextral) δ18Opl data of McManus et al. [1999], 
B: G. ruber δ18Opl data of Weirauch et al. [2008]. See Figure 5.10 caption for explanations and 
interpretation of colour maps. Results indicate that the majority of slopes/curvatures deemed 
significant are associated with G-IG changes, and not millennial-scale events.
Chapter 6
 Conclusions and Future Work
In this thesis, I have presented new records of calcareous nannofossil assemblages, foraminiferal 
stable isotopes and ice-rafted debris from the interval ~3.3 to 2.4 million years ago (Ma) that 
contribute to our understanding of late Pliocene climate variability and forcing. Specifically, 
I have focused in detail on the first three consecutive large-amplitude obliquity-paced glacial-
interglacial cycles occurring during the intensification of northern hemisphere glaciation 
(iNHG), namely marine isotope stages (MIS) 101-95. 
6.1 Key conclusions: returning to original questions
(Q 2.1) To what extent was there an east-west productivity contrast in the Pliocene equatorial Pacific 
Ocean?
Calcareous nannofossil records from Ocean Drilling Program (ODP) Site 806 in the western 
equatorial Pacific (WEP) and ODP Site 846 in the eastern equatorial Pacific (EEP) during MIS 
95 to 101 are used to resolve palaeoproductivity variations across the equatorial Pacific Ocean. 
The high degree of similarity between calcareous nannofossil assemblages at both sites points 
towards a reduced productivity gradient across the equatorial Pacific and a shallower WEP 
nutricline during the late Pliocene as compared to the late Pleistocene. This finding is consistent 
with the ‘El Padre’ Pliocene Pacific hypothesis, in which longitudinal oceanographic gradients 
were significantly reduced relative to today. 
(Q 2.2) Were late Pliocene tropical productivity fluctuations driven by local or remote mechanisms?
The dominant variance in EEP and WEP palaeoproductivity is found to occur in the 41 kyr 
(obliquity) band, implicating remote (high latitude) rather than local control of Pliocene tropical 
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productivity. A number of possible mechanisms by which the high-latitudes could exert control 
on equatorial productivity are discussed; leading to the suggestion that productivity is driven via 
the operation of top-down (atmospheric CO2) and bottom-up (nutrient supply) teleconnections 
between the high latitudes and the tropics.
(Q 3.1) Is alkenone accumulation a useful indicator of total export productivity in upwelling areas?
A comparison of calcareous nannofossil assemblages and mass accumulation rates (MARs), 
siliceous fragment abundance and C37 alkenone accumulation from MIS 101 to 95 at EEP ODP 
Site 846 and eastern equatorial Atlantic (EEAtl) ODP Site 662 provides insight into export 
productivity dynamics and proxies on glacial-interglacial timescales. On orbital timescales, C37 
alkenone accumulation in upwelling areas appears to represent surface ocean export productivity, 
not only of the alkenone-synthesising coccolithophores but also of the wider phytoplankton 
community. Therefore, alkenone accumulation in high-productivity upwelling areas is a 
potentially useful tool for recording total export productivity and understanding carbon cycle 
changes in the sedimentary record. 
(Q 3.2) How do glacial-interglacial timescale export productivity dynamics compare between the 
Atlantic and Pacific Ocean upwelling zones?
ODP Sites 846 and 662 both exhibit higher export productivity during glacials compared to 
interglacials, indicating that a stronger biological pump operated during glacial intervals. Because 
diatoms dominate the biological pump, the significantly higher ratio of siliceous to calcareous 
nannofossil export productivity documented in the EEP relative to the EEAtl suggests that the 
EEP was an important region for carbon export to the deep ocean during the Pliocene. 
(Q 4.1) What is the biotic response to inferred major shifts in productivity during the late Pliocene?
At North Atlantic ODP Site 982 and EEP ODP Site 846, around 3 to 2.5 Ma, calcareous 
nannofossil assemblages indicate a secular shift towards a more oligotrophic and a more 
mesotrophic regime respectively; consistent with interpretations based on alkenone 
accumulation. The nannplankton response at Site 982 is more abrupt and of greater magnitude 
than the response documented by the Site 846 assemblage. 
(Q 4.2) What mechanisms likely forced global productivity shifts at this time?
Globally distributed records indicate past productivity changes around 3 to 2.5 Ma. Tropical 
productivity increases likely occurred as a result of Southern Ocean sea-ice growth and the effect 
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of this on the pathways and nutrient contents of mode waters that subduct and travel north to 
feed the equatorial thermocline. At North Atlantic Site 982, nannoplankton may instead be 
responding to the direct influence of NHG via cooling and iceberg discharge.
(Q 4.3) Is the amplitude of millennial-scale variability a function of ice-sheet volume?
Suborbital variability in planktic oxygen isotopes from Integrated Ocean Drilling Program 
(IODP) Site U1313 in the subpolar North Atlantic appears to occur regardless of (inter)glacial 
state over MIS 103-95, implying that millennial-scale variability does not increase linearly with 
ice-volume, and that a threshold for the amplification of suborbital variability was not crossed 
during the late Pliocene at Site U1313.
(Q 4.4) Did millennial-scale variability evolve during the late Pliocene intensification of NHG?
No amplification of suborbital-scale variability occurs over the sea-level variations hypothesised 
for MIS 100, 98 and 96 (estimated to be of greater magnitude than preceding Pliocene glacials). 
Thus, data from Site 1313 is consistent with suggestion that the mid-Pleistocene transition 
(MPT) is a more likely tipping point than the late Pliocene intensification of NHG for the 
amplification of millennial-scale climate variability in the North Atlantic. 
6.2 Future perspectives
6.2.1 The importance of low-latitude productivity variations in 
forcing climate
In Chapters 2 and 3, data from ODP Site 846 in the EEP provide initial information on past 
biological productivity in this important region for air-sea CO2 exchange. Further key intervals 
over which productivity records could be generated at Site 846 include the large amplitude 
glacial-interglacial cycles of the late Pleistocene, the warm Pliocene and the termination of a 
secular high-productivity interval at ~1.5 Ma inferred from the alkenone accumulation record. 
With records covering these additional intervals, one could address the key questions 1 and 2 
posed below.
The subject of secular changes in inferred productivity during the late Pliocene is touched 
upon in Chapter 4 via the investigation of the calcareous nannofossil response to inferred 
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productivity changes at two sites in different oceanographic regimes. Additional work at these 
sites, for example determination of high-resolution nannofossil, organic carbon and opal mass 
accumulation rates (MARs), would allow the causes of the observed secular shifts in alkenone 
MAR to be better constrained. Furthermore, detailed work on productivity and nutrient 
chemistry proxies at multiple sites that display a late Pliocene productivity shift would contribute 
to a global synthesis of nutrient distributions and changes at this time. Such information is 
needed to understand potential links to iNHG. The development of a new, consistent method 
to accurately determine the rain ratio of calcium carbonate (CaCO3) to organic carbon (Corg) in 
pre-Pleistocene sediments, thus potentially providing information on geological carbon storage, 
would be extremely useful. Although preservation will be site-specific, the application of a 
consistent correction method to the reconstruction of CaCO3 to Corg ratios would allow for more 
useful comparisons between sites and time intervals. 
Key questions:
(1) What role did export productivity variations in the equatorial upwelling areas play in forcing 
Plio-Pleistocene climate change?
(2) Did changes in the relative contribution or biomass of different phytoplankton groups affect carbon 
drawdown in the EEP?
(3) When and why did tropical productivity records switch from recording predominantly a high-
latitude (obliquity) signal as seen in the late Pliocene to a local (precessional) signal as seen in the late 
Pleistocene?
(4) What caused the inferred pCO2 drawdown event in the late Pliocene?
6.2.2 The role of millennial-scale climate variability in the pre-
Pleistocene North Atlantic
 
High-resolution data from North Atlantic Site 1313 currently covers the late Pliocene interval 
MIS 103-95. In the future, the high-resolution planktic foraminiferal isotope record could be 
extended in both directions to cover the middle and early Pliocene, and also the interval leading 
up to the MPT. This would provide a test of the hypothesis that large-amplitude suborbital 
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variability first appeared in North Atlantic proxy records during the step-up in ice volume 
accompanying the MPT. Future improved constraints on late Pliocene sea level variability and 
the generation of a North Atlantic palaeointensity-assisted chronology will also help accurately 
identify an ice-volume threshold for large-amplitude suborbital variability, if present. To 
corroborate or challenge our findings from Site 1313, future ocean drilling will hopefully recover 
additional complete Pliocene sections with high sedimentation rates from the North Atlantic 
‘IRD belt’ covering the iNHG. 
Key questions:
(1) Did large-amplitude suborbital variability in planktic δ18O occur during the late Pliocene at sites 
further north than Site U1313, closer to the location of deglacial meltwater input?
(2) By how much did sea level fall during the large glacials MIS 96, 98 and 100?
(3) Were boundary conditions other than ice-volume (e.g., sea-ice, rate/location of meltwater input) 
important for the amplification of millennial-scale variability?
128 Chapter 6: Conclusions
Appendix A: Data Tables
Table 1A: ODP Site 846 nannofossil assemblage data, MIS 95-101, Calcidiscus to Coccoli-
thus pelagicus (large). RMCD = relative metres composite depth.
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846 D 9 3 63-64 91.83 2401.55 4.38 2.78 0.07 0.45 0.17 0.14 0.00 0.00 0.56 0.35
846 D 9 3 73-74 91.93 2403.82 4.16 2.15 0.22 0.25 0.25 0.18 0.00 0.00 0.43 0.00
846 D 9 3 83-84 92.03 2406.08 5.77 3.09 0.36 0.21 0.10 0.21 0.00 0.00 0.41 0.10
846 D 9 3 93-94 92.13 2408.35 2.12 1.67 0.10 0.17 0.00 0.00 0.00 0.00 0.33 0.00
846 D 9 3 103-104 92.23 2410.62 3.27 1.30 0.37 0.04 0.00 0.16 0.08 0.16 0.41 0.33
846 D 9 3 113-114 92.33 2412.89 1.89 1.66 0.38 0.14 0.24 0.28 0.00 0.00 0.28 0.09
846 D 9 3 123-124 92.43 2415.16 2.87 1.66 0.25 0.07 0.32 0.18 0.00 0.07 0.35 0.00
846 D 9 3 133-134 92.53 2417.43 2.19 1.22 0.33 0.05 0.38 0.09 0.00 0.00 0.28 0.09
846 D 9 3 143-144 92.63 2419.69 3.93 1.47 0.31 0.12 0.19 0.08 0.00 0.00 0.62 0.23
846 D 9 4 3-4 92.73 2421.60 4.20 1.59 0.20 0.12 0.00 0.00 0.00 0.00 0.56 0.00
846 D 9 4 13-14 92.83 2423.57 3.02 1.40 0.29 0.18 0.00 0.00 0.00 0.00 1.75 0.47
846 D 9 4 23-24 92.93 2425.59 5.49 2.92 0.78 0.44 0.24 0.00 0.00 0.00 1.26 0.10
846 D 9 4 33-34 93.03 2427.60 5.99 2.79 0.78 0.45 0.45 0.26 0.00 0.00 1.17 0.13
846 D 9 4 43-44 93.14 2429.82 5.31 2.68 0.42 0.16 0.32 0.11 0.00 0.00 1.47 0.42
846 D 9 4 53-54 93.24 2431.88 5.14 2.24 0.46 0.39 0.15 0.15 0.15 0.00 1.70 0.31
846 D 9 4 63-64 93.34 2434.22 3.48 1.76 0.36 0.13 0.26 0.13 0.07 0.00 0.85 0.20
846 D 9 4 73-74 93.44 2436.64 7.55 3.77 0.69 0.13 0.31 0.38 0.00 0.00 1.63 0.25
846 D 9 4 83-84 93.54 2439.05 5.25 2.07 0.87 0.38 0.00 0.11 0.00 0.00 0.87 0.11
846 D 9 4 93-94 93.64 2441.47 7.38 3.02 0.97 0.60 0.54 0.48 0.00 0.00 0.60 0.48
846 D 9 4 103-104 93.73 2443.49 5.17 3.27 0.38 0.22 0.22 0.65 0.00 0.00 0.87 0.00
846 D 9 4 113-114 93.83 2445.68 4.73 2.98 0.58 0.32 0.26 0.00 0.00 0.00 0.52 0.13
846 D 9 4 123-124 93.93 2447.73 5.25 2.55 0.52 0.29 0.52 0.23 0.00 0.00 0.58 0.46
846 D 9 4 133-134 94.03 2449.74 6.21 3.09 0.15 0.41 0.67 0.21 0.00 0.00 0.72 0.31
846 D 9 4 143-144 94.12 2451.56 3.27 1.30 0.37 0.04 0.00 0.16 0.08 0.16 0.41 0.33
846 D 9 5 3-4 94.22 2453.57 1.89 1.66 0.38 0.14 0.24 0.28 0.00 0.00 0.28 0.09
846 D 9 5 13-14 94.32 2455.67 2.87 1.66 0.25 0.07 0.32 0.18 0.00 0.07 0.35 0.00
846 D 9 5 23-24 94.42 2458.15 2.19 1.22 0.33 0.05 0.38 0.09 0.00 0.00 0.28 0.09
846 D 9 5 33-34 94.53 2460.99 3.93 1.47 0.31 0.12 0.19 0.08 0.00 0.00 0.62 0.23
846 D 9 5 43-44 94.63 2463.57 4.20 1.59 0.20 0.12 0.00 0.00 0.00 0.00 0.56 0.00
846 D 9 5 53-54 94.73 2466.15 3.02 1.40 0.29 0.18 0.00 0.00 0.00 0.00 1.75 0.47
846 D 9 5 63-64 94.84 2469.13 5.49 2.92 0.78 0.44 0.24 0.00 0.00 0.00 1.26 0.10
846 D 9 5 73-74 94.94 2472.26 5.99 2.79 0.78 0.45 0.45 0.26 0.00 0.00 1.17 0.13
846 D 9 5 83-84 95.04 2475.47 5.31 2.68 0.42 0.16 0.32 0.11 0.00 0.00 1.47 0.42
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Sample Information Relative abundance (%)
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846 D 9 5 93-94 95.14 2478.64 5.14 2.24 0.46 0.39 0.15 0.15 0.15 0.00 1.70 0.31
846 D 9 5 103-104 95.24 2481.31 5.86 3.07 0.35 0.42 0.21 0.00 0.00 0.00 1.12 0.00
846 D 9 5 113-114 95.33 2483.24 5.32 2.47 0.44 0.38 0.16 0.00 0.00 0.00 0.77 0.11
846 D 9 5 123-124 95.43 2485.26 7.53 3.99 0.37 0.44 0.37 0.00 0.00 0.00 0.87 0.00
846 D 9 5 133-134 95.52 2487.09 6.92 3.59 0.40 0.33 0.27 0.13 0.00 0.00 0.93 0.40
846 D 9 5 143-144 95.61 2488.92 6.59 3.18 0.64 0.46 0.46 0.00 0.00 0.00 1.16 0.35
846 D 9 6 3-4 95.704 2491.02 5.03 2.24 0.49 0.11 0.16 0.00 0.00 0.00 0.87 0.11
846 D 9 6 13-14 95.797 2493.32 4.72 2.12 0.06 0.59 0.30 0.12 0.00 0.00 0.94 0.12
846 D 9 6 23-24 95.891 2495.68 5.51 3.08 0.55 0.33 0.27 0.00 0.00 0.00 0.55 0.22
846 D 9 6 33-34 95.984 2497.98 3.84 2.42 0.40 0.16 0.12 0.00 0.00 0.00 0.97 0.16
846 D 9 6 43-44 96.078 2500.31 4.39 2.40 0.12 0.06 0.06 0.00 0.00 0.00 0.81 0.17
846 C 9 5 43-44 96.15 2502.08 3.69 1.64 0.32 0.00 0.12 0.00 0.00 0.00 0.58 0.00
846 D 9 6 53-54 96.172 2502.62 2.90 1.92 0.17 0.00 0.20 0.00 0.00 0.00 0.73 0.20
846 C 9 5 53-54 96.25 2504.52 4.52 2.32 0.22 0.07 0.00 0.22 0.00 0.00 0.52 0.15
846 D 9 6 63-64 96.266 2504.91 4.59 2.47 0.49 0.20 0.05 0.00 0.00 0.00 0.30 0.20
846 C 9 5 63-64 96.35 2506.96 5.17 2.18 0.36 0.10 0.00 0.00 0.00 0.00 0.83 0.00
846 D 9 6 73-74 96.359 2507.18 4.65 2.71 0.57 0.10 0.00 0.00 0.00 0.00 0.31 0.21
846 C 9 5 73-74 96.45 2509.40 3.94 2.39 0.62 0.10 0.21 0.00 0.00 0.00 0.52 0.21
846 D 9 6 83-84 96.454 2509.49 6.56 3.66 0.48 0.22 0.00 0.00 0.00 0.00 0.32 0.00
846 D 9 6 93-94 96.547 2511.76 4.77 3.59 0.84 0.11 0.11 0.11 0.00 0.00 0.45 0.22
846 C 9 5 83-84 96.55 2511.83 5.23 3.18 0.93 0.09 0.09 0.00 0.00 0.00 0.19 0.00
846 D 9 6 103-104 96.64 2513.79 4.70 2.81 0.45 0.22 0.11 0.00 0.00 0.00 0.79 0.34
846 C 9 5 93-94 96.65 2514.00 4.68 3.65 0.84 0.00 0.00 0.00 0.00 0.00 0.52 0.21
846 D 9 6 113-114 96.74 2515.77 5.39 3.32 0.66 0.15 0.61 0.00 0.00 0.00 0.72 0.41
846 C 9 5 103-104 96.75 2515.96 6.19 4.02 0.89 0.38 0.19 0.00 0.00 0.00 1.02 0.13
846 D 9 6 123-124 96.84 2517.72 7.99 2.26 1.35 0.00 0.53 0.00 0.00 0.00 0.75 0.00
846 C 9 5 113-114 96.87 2518.30 4.95 1.70 0.95 0.34 0.00 0.00 0.00 0.00 0.54 0.27
846 D 9 6 133-134 96.94 2519.67 6.89 3.67 1.55 0.64 0.42 0.00 0.00 0.00 0.56 0.00
846 C 9 5 123-124 96.98 2520.45 5.11 2.01 0.75 0.15 0.10 0.00 0.00 0.00 0.60 0.10
846 D 9 6 143-144 97.04 2521.62 6.60 3.03 0.76 0.35 0.47 0.17 0.00 0.00 0.23 0.12
846 C 9 5 133-134 97.08 2522.40 6.67 3.11 0.55 0.44 0.55 0.00 0.00 0.00 0.55 0.11
846 C 9 5 143-144 97.17 2524.15 7.59 4.09 0.92 0.20 0.07 0.00 0.00 0.00 0.53 0.00
846 C 9 6 3-4 97.27 2526.10 6.18 3.42 1.08 0.12 0.24 0.00 0.00 0.00 0.36 0.00
846 C 9 6 13-14 97.36 2527.86 7.07 4.62 1.06 0.23 0.53 0.00 0.00 0.00 0.61 0.00
846 C 9 6 23-24 97.46 2529.81 5.54 2.92 1.49 0.43 0.43 0.12 0.00 0.00 1.24 0.00
846 C 9 6 33-34 97.57 2531.96 6.77 3.92 1.35 0.41 0.81 0.00 0.00 0.00 0.41 0.14
846 C 9 6 43-44 97.69 2534.33 5.56 2.49 0.95 0.06 0.53 0.00 0.00 0.12 0.59 0.00
846 C 9 6 53-54 97.79 2536.38 8.07 3.45 0.73 0.12 0.42 0.00 0.00 0.00 0.85 0.00
846 C 9 6 63-64 97.89 2538.45 6.15 2.83 0.84 0.26 0.39 0.00 0.00 0.00 0.90 0.13
846 C 9 6 73-74 97.98 2540.31 5.79 2.52 0.75 0.14 0.54 0.07 0.00 0.14 0.82 0.27
846 C 9 6 83-84 98.08 2542.38 6.36 3.84 0.70 0.11 0.43 0.00 0.00 0.00 0.43 0.43
Appendix A - Data Tables     131
Sample Information Relative abundance (%)
Si
te
H
ol
e
C
or
e/
Se
ct
io
n
Se
ct
io
n
In
te
rv
al
 (c
m
)
R
M
C
D
 (m
)
A
ge
 (k
a)
 [L
aw
re
nc
e e
t a
l. 2
00
6]
Ca
lci
di
scu
s l
ep
to
po
ru
s s
in
gl
e s
hi
el
d
Ca
lci
di
scu
s l
ep
to
po
ru
s
Ca
lci
di
scu
s t
ro
pi
cu
s
Ca
lci
di
scu
s M
ac
in
ty
re
i >
10
μm
Ca
lci
di
scu
s M
ac
in
ty
re
i @
 1
0μ
m
Ca
lci
di
scu
s s
pp
. s
m
al
l d
ar
k
Ca
lci
oso
ne
ni
a m
ur
ra
yi
Ce
ra
to
lit
hu
s s
pp
.
Co
cco
lit
hu
s p
ela
gic
us
 (>
10
μm
)
Co
cco
lit
hu
s p
ela
gic
us
 la
rg
e +
 b
ar
846 C 9 6 93-94 98.2 2544.86 4.07 2.90 0.37 0.00 0.09 0.00 0.00 0.00 0.47 0.19
846 C 9 6 103-104 98.33 2547.55 6.15 3.71 0.37 0.00 0.23 0.00 0.00 0.00 0.46 0.09
846 C 9 6 113-114 98.49 2550.86 5.66 3.30 0.49 0.08 0.38 0.11 0.00 0.00 0.30 0.08
846 D 10 1 13-14 98.73 2555.78 7.72 5.41 0.39 0.08 0.43 0.12 0.00 0.08 0.47 0.00
846 D 10 1 23-24 98.83 2557.72 6.71 3.45 0.46 0.13 0.20 0.00 0.00 0.13 0.46 0.13
846 D 10 1 33-34 98.93 2559.66 5.85 4.09 0.23 0.15 0.23 0.00 0.00 0.00 0.53 0.08
846 D 10 1 43-44 99.03 2561.59 5.52 3.88 0.51 0.16 0.12 0.00 0.00 0.00 0.40 0.08
846 D 10 1 53-54 99.13 2563.52 5.19 4.39 0.15 0.12 0.18 0.00 0.00 0.00 0.37 0.06
846 D 10 1 63-64 99.23 2565.44 5.83 4.02 0.35 0.16 0.20 0.00 0.00 0.00 0.95 0.16
846 D 10 1 73-74 99.33 2567.37 6.62 5.24 0.22 0.17 0.22 0.00 0.00 0.00 0.96 0.35
846 D 10 1 83-84 99.43 2569.29 5.73 4.66 0.23 0.06 0.06 0.00 0.00 0.00 0.70 0.06
846 D 10 1 93-94 99.53 2571.22 7.96 5.95 0.60 0.04 0.40 0.04 0.00 0.08 0.32 0.24
846 D 10 1 103-104 99.63 2573.14 6.53 4.50 0.35 0.04 0.19 0.08 0.00 0.00 0.78 0.23
846 D 10 1 113-114 99.73 2575.07 4.83 3.24 0.27 0.06 0.06 0.18 0.00 0.06 0.24 0.06
Table 1B: ODP Site 846 nannofossil assemblage data, MIS 95-101, Coccolithus pelagicus 
(medium) to Helicosphaera species.
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846 D 9 3 63-64 91.83 2401.55 0.90 0.00 0.00 2.97 19.66 0.07 0.35 0.14 0.49 0.14
846 D 9 3 73-74 91.93 2403.82 0.65 0.22 0.00 1.50 18.97 0.22 1.08 0.07 0.22 0.00
846 D 9 3 83-84 92.03 2406.08 0.52 0.21 0.00 1.30 22.53 0.21 0.41 0.21 0.72 0.00
846 D 9 3 93-94 92.13 2408.35 0.40 0.00 0.00 0.80 19.74 0.20 0.07 0.00 0.27 0.00
846 D 9 3 103-104 92.23 2410.62 0.16 0.00 0.00 0.65 22.49 0.08 0.24 0.00 0.16 0.08
846 D 9 3 113-114 92.33 2412.89 0.28 0.09 0.00 1.04 20.62 0.28 0.38 0.09 0.09 0.00
846 D 9 3 123-124 92.43 2415.16 0.21 0.07 0.00 0.71 16.14 0.00 0.35 0.00 0.35 0.00
846 D 9 3 133-134 92.53 2417.43 0.28 0.00 0.00 0.75 20.44 0.28 0.66 0.00 0.19 0.00
846 D 9 3 143-144 92.63 2419.69 0.23 0.00 0.00 0.23 14.57 0.00 0.54 0.08 0.23 0.00
846 D 9 4 3-4 92.73 2421.60 0.80 0.24 0.00 0.00 17.72 0.00 1.51 0.00 0.16 0.08
846 D 9 4 13-14 92.83 2423.57 1.63 0.23 0.00 0.12 14.91 0.23 1.40 0.12 0.47 0.00
846 D 9 4 23-24 92.93 2425.59 2.34 0.19 0.00 0.39 11.76 0.00 0.39 0.00 0.68 0.00
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846 D 9 4 33-34 93.03 2427.60 1.30 0.13 0.00 0.13 7.92 0.13 0.91 0.13 0.26 0.00
846 D 9 4 43-44 93.14 2429.82 1.58 0.00 0.00 0.21 8.07 0.00 0.74 0.11 0.21 0.00
846 D 9 4 53-54 93.24 2431.88 1.55 0.00 0.00 1.08 9.36 0.00 0.93 0.31 0.15 0.00
846 D 9 4 63-64 93.34 2434.22 1.11 0.00 0.00 0.26 11.52 0.00 0.46 0.00 0.33 0.07
846 D 9 4 73-74 93.44 2436.64 1.88 0.13 0.00 0.13 10.74 0.00 0.88 0.13 0.25 0.00
846 D 9 4 83-84 93.54 2439.05 1.85 0.00 0.00 0.00 11.34 0.00 0.44 0.00 0.22 0.00
846 D 9 4 93-94 93.64 2441.47 1.45 0.12 0.00 0.36 7.38 0.12 0.73 0.12 0.24 0.00
846 D 9 4 103-104 93.73 2443.49 0.76 0.00 0.00 0.22 8.31 0.00 0.65 0.22 0.00 0.00
846 D 9 4 113-114 93.83 2445.68 2.08 0.00 0.00 0.39 9.01 0.00 0.39 0.26 0.26 0.00
846 D 9 4 123-124 93.93 2447.73 1.85 0.12 0.00 0.23 7.99 0.12 0.46 0.12 0.23 0.00
846 D 9 4 133-134 94.03 2449.74 1.44 0.31 0.00 0.41 15.42 0.00 0.31 0.10 0.00 0.00
846 D 9 4 143-144 94.12 2451.56 0.16 0.00 0.00 0.65 22.49 0.08 0.24 0.00 0.16 0.08
846 D 9 5 3-4 94.22 2453.57 0.28 0.09 0.00 1.04 20.62 0.28 0.38 0.09 0.09 0.00
846 D 9 5 13-14 94.32 2455.67 0.21 0.07 0.00 0.71 16.14 0.00 0.35 0.00 0.35 0.00
846 D 9 5 23-24 94.42 2458.15 0.28 0.00 0.00 0.75 20.44 0.28 0.66 0.00 0.19 0.00
846 D 9 5 33-34 94.53 2460.99 0.23 0.00 0.00 0.23 14.57 0.00 0.54 0.08 0.23 0.00
846 D 9 5 43-44 94.63 2463.57 0.80 0.24 0.00 0.00 17.72 0.00 1.51 0.00 0.16 0.08
846 D 9 5 53-54 94.73 2466.15 1.63 0.23 0.00 0.12 14.91 0.23 1.40 0.12 0.47 0.00
846 D 9 5 63-64 94.84 2469.13 2.34 0.19 0.00 0.39 11.76 0.00 0.39 0.00 0.68 0.00
846 D 9 5 73-74 94.94 2472.26 1.30 0.13 0.00 0.13 7.92 0.13 0.91 0.13 0.26 0.00
846 D 9 5 83-84 95.04 2475.47 1.58 0.00 0.00 0.21 8.07 0.00 0.74 0.11 0.21 0.00
846 D 9 5 93-94 95.14 2478.64 1.55 0.00 0.00 1.08 9.36 0.00 0.93 0.31 0.15 0.00
846 D 9 5 103-104 95.24 2481.31 1.12 0.00 0.00 0.70 18.24 0.28 1.12 0.14 0.42 0.14
846 D 9 5 113-114 95.33 2483.24 1.32 0.00 0.00 0.66 15.53 0.11 0.55 0.00 0.00 0.00
846 D 9 5 123-124 95.43 2485.26 0.75 0.00 0.00 1.12 11.42 0.00 0.37 0.00 0.00 0.00
846 D 9 5 133-134 95.52 2487.09 1.20 0.00 0.00 0.40 13.62 0.00 0.66 0.00 0.13 0.00
846 D 9 5 143-144 95.61 2488.92 1.27 0.00 0.00 0.12 12.73 0.00 0.35 0.12 0.12 0.00
846 D 9 6 3-4 95.704 2491.02 1.31 0.00 0.00 0.33 22.43 0.00 0.76 0.22 0.44 0.00
846 D 9 6 13-14 95.797 2493.32 1.65 0.00 0.00 0.35 22.38 0.00 0.71 0.00 0.24 0.00
846 D 9 6 23-24 95.891 2495.68 0.88 0.11 0.00 0.11 22.56 0.11 0.66 0.11 0.44 0.11
846 D 9 6 33-34 95.984 2497.98 0.97 0.00 0.00 0.08 26.42 0.00 0.40 0.00 0.24 0.00
846 D 9 6 43-44 96.078 2500.31 0.92 0.00 0.00 0.06 29.80 0.00 0.29 0.00 0.12 0.06
846 C 9 5 43-44 96.15 2502.08 0.23 0.06 0.00 0.00 30.15 0.00 0.18 0.12 0.29 0.06
846 D 9 6 53-54 96.172 2502.62 0.40 0.00 0.00 0.13 32.37 0.00 0.46 0.00 0.20 0.00
846 C 9 5 53-54 96.25 2504.52 0.66 0.00 0.00 0.00 29.26 0.00 0.37 0.00 0.22 0.07
846 D 9 6 63-64 96.266 2504.91 1.68 0.30 0.00 0.49 31.11 0.00 0.99 0.00 0.30 0.00
846 C 9 5 63-64 96.35 2506.96 2.60 0.10 0.00 0.52 31.47 0.00 0.62 0.00 0.42 0.00
846 D 9 6 73-74 96.359 2507.18 1.35 0.21 0.00 0.21 28.54 0.00 0.83 0.00 0.62 0.00
846 C 9 5 73-74 96.45 2509.40 1.98 0.00 0.00 0.31 30.31 0.00 0.83 0.00 0.31 0.00
846 D 9 6 83-84 96.454 2509.49 0.97 0.22 0.00 0.11 25.50 0.00 0.97 0.54 0.32 0.00
846 D 9 6 93-94 96.547 2511.76 1.80 0.11 0.00 0.00 22.71 0.00 0.45 0.00 0.00 0.00
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846 C 9 5 83-84 96.55 2511.83 1.03 0.28 0.00 0.09 21.87 0.00 1.31 0.28 0.93 0.00
846 D 9 6 103-104 96.64 2513.79 1.80 0.00 0.00 0.00 19.53 0.00 1.12 0.56 0.22 0.00
846 C 9 5 93-94 96.65 2514.00 0.73 0.21 0.00 0.42 25.32 0.00 0.52 0.10 0.42 0.00
846 D 9 6 113-114 96.74 2515.77 1.74 0.10 0.00 0.20 16.18 0.00 0.20 0.10 0.41 0.00
846 C 9 5 103-104 96.75 2515.96 1.28 0.13 0.00 0.00 14.45 0.00 1.41 0.00 0.38 0.00
846 D 9 6 123-124 96.84 2517.72 1.05 0.00 0.00 0.00 12.11 0.00 0.60 0.00 0.00 0.00
846 C 9 5 113-114 96.87 2518.30 1.49 0.54 0.00 0.00 14.39 0.00 1.22 0.27 0.68 0.00
846 D 9 6 133-134 96.94 2519.67 0.99 0.00 0.00 0.28 10.71 0.00 0.42 0.14 0.00 0.00
846 C 9 5 123-124 96.98 2520.45 0.50 0.10 0.00 0.50 12.65 0.10 0.30 0.00 0.00 0.00
846 D 9 6 143-144 97.04 2521.62 0.70 0.00 0.00 0.12 8.80 0.00 0.47 0.12 0.00 0.00
846 C 9 5 133-134 97.08 2522.40 0.65 0.00 0.00 0.11 9.87 0.00 0.22 0.22 0.00 0.00
846 C 9 5 143-144 97.17 2524.15 0.66 0.00 0.00 0.26 9.11 0.00 0.92 0.13 0.00 0.00
846 C 9 6 3-4 97.27 2526.10 1.68 0.12 0.00 0.24 9.68 0.00 1.08 0.24 0.12 0.00
846 C 9 6 13-14 97.36 2527.86 0.61 0.15 0.00 0.30 8.97 0.00 0.30 0.15 0.30 0.00
846 C 9 6 23-24 97.46 2529.81 0.99 0.12 0.00 0.12 9.50 0.00 0.25 0.25 0.12 0.00
846 C 9 6 33-34 97.57 2531.96 0.68 0.14 0.00 0.27 10.28 0.00 1.22 0.14 0.00 0.00
846 C 9 6 43-44 97.69 2534.33 0.83 0.12 0.00 0.24 10.82 0.00 0.47 0.12 0.24 0.00
846 C 9 6 53-54 97.79 2536.38 1.82 0.00 0.00 0.97 10.95 0.00 0.48 0.00 0.12 0.00
846 C 9 6 63-64 97.89 2538.45 1.80 0.13 0.00 0.64 10.06 0.00 0.64 0.00 0.00 0.00
846 C 9 6 73-74 97.98 2540.31 1.22 0.14 0.00 0.95 12.85 0.00 0.68 0.00 0.14 0.00
846 C 9 6 83-84 98.08 2542.38 1.19 0.00 0.00 0.43 20.29 0.00 0.87 0.11 0.22 0.00
846 C 9 6 93-94 98.2 2544.86 0.75 0.00 0.00 0.93 21.54 0.00 0.56 0.09 0.09 0.00
846 C 9 6 103-104 98.33 2547.55 0.37 0.09 0.00 0.46 20.83 0.00 1.02 0.09 0.00 0.00
846 C 9 6 113-114 98.49 2550.86 0.53 0.00 0.00 0.38 31.45 0.00 0.38 0.15 0.00 0.00
846 D 10 1 13-14 98.73 2555.78 0.47 0.08 0.16 0.94 34.15 0.00 0.78 0.16 0.08 0.00
846 D 10 1 23-24 98.83 2557.72 0.53 0.07 0.07 1.26 31.04 0.00 0.46 0.07 0.07 0.00
846 D 10 1 33-34 98.93 2559.66 0.61 0.15 0.00 0.45 29.25 0.00 0.53 0.08 0.08 0.00
846 D 10 1 43-44 99.03 2561.59 0.95 0.08 0.00 0.55 31.14 0.00 0.47 0.00 0.00 0.00
846 D 10 1 53-54 99.13 2563.52 0.73 0.12 0.00 0.18 30.50 0.00 0.85 0.06 0.06 0.00
846 D 10 1 63-64 99.23 2565.44 1.03 0.08 0.00 0.24 29.33 0.00 0.79 0.00 0.16 0.00
846 D 10 1 73-74 99.33 2567.37 0.96 0.00 0.00 0.09 27.79 0.00 0.96 0.00 0.09 0.00
846 D 10 1 83-84 99.43 2569.29 0.47 0.00 0.00 0.23 30.34 0.00 0.35 0.00 0.00 0.00
846 D 10 1 93-94 99.53 2571.22 0.72 0.08 0.00 0.24 28.33 0.00 0.40 0.00 0.00 0.00
846 D 10 1 103-104 99.63 2573.14 0.47 0.00 0.00 0.39 29.48 0.00 0.78 0.00 0.08 0.00
846 D 10 1 113-114 99.73 2575.07 0.36 0.12 0.00 0.18 32.71 0.00 0.48 0.00 0.06 0.00
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Table 1C: ODP Site 846 nannofossil assemblage data, MIS 95-101, Sphenolithus abies to 
Reticulofenestra pseudoumbilicus (large).
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846 D 9 3 63-64 91.83 2401.55 0.00 0.00 0.00 0.00 0.00 0.00 12.16 16.41 37.91 0.42
846 D 9 3 73-74 91.93 2403.82 0.14 0.07 0.00 0.00 0.00 0.00 6.16 13.98 48.59 0.00
846 D 9 3 83-84 92.03 2406.08 0.10 0.00 0.00 0.00 0.00 0.00 4.47 14.71 41.15 0.00
846 D 9 3 93-94 92.13 2408.35 0.00 0.00 0.00 0.00 0.00 0.00 5.71 17.46 49.76 0.00
846 D 9 3 103-104 92.23 2410.62 0.00 0.00 0.00 0.00 0.08 0.00 5.93 18.40 43.56 0.00
846 D 9 3 113-114 92.33 2412.89 0.00 0.00 0.00 0.00 0.00 0.00 4.30 15.29 49.31 0.00
846 D 9 3 123-124 92.43 2415.16 0.00 0.14 0.07 0.00 0.07 0.00 3.92 16.59 55.20 0.14
846 D 9 3 133-134 92.53 2417.43 0.09 0.00 0.09 0.00 0.00 0.00 4.20 15.88 50.18 0.00
846 D 9 3 143-144 92.63 2419.69 0.00 0.15 0.00 0.00 0.00 0.00 3.93 17.51 55.32 0.39
846 D 9 4 3-4 92.73 2421.60 0.08 0.24 0.00 0.00 0.08 0.00 3.75 18.62 51.95 0.00
846 D 9 4 13-14 92.83 2423.57 0.23 0.35 0.00 0.00 0.00 0.00 3.21 15.09 55.47 0.00
846 D 9 4 23-24 92.93 2425.59 0.10 0.29 0.19 0.00 0.00 0.00 3.92 18.04 53.33 0.10
846 D 9 4 33-34 93.03 2427.60 0.00 0.13 0.13 0.00 0.00 0.00 3.17 25.00 50.35 0.13
846 D 9 4 43-44 93.14 2429.82 0.11 0.42 0.11 0.00 0.11 0.00 3.94 24.41 52.76 0.00
846 D 9 4 53-54 93.24 2431.88 0.00 0.31 0.00 0.00 0.00 0.00 3.30 22.39 49.17 0.15
846 D 9 4 63-64 93.34 2434.22 0.00 0.07 0.13 0.13 0.07 0.00 2.61 26.09 49.57 0.07
846 D 9 4 73-74 93.44 2436.64 0.00 0.25 0.00 0.00 0.00 0.00 2.98 25.45 46.52 0.00
846 D 9 4 83-84 93.54 2439.05 0.00 0.11 0.00 0.00 0.00 0.00 3.99 23.95 50.63 0.00
846 D 9 4 93-94 93.64 2441.47 0.24 0.00 0.24 0.00 0.00 0.00 4.33 17.30 57.51 0.24
846 D 9 4 103-104 93.73 2443.49 0.11 0.00 0.00 0.00 0.00 0.00 2.95 21.12 53.26 0.00
846 D 9 4 113-114 93.83 2445.68 0.00 0.00 0.13 0.00 0.13 0.00 2.70 19.14 54.28 0.13
846 D 9 4 123-124 93.93 2447.73 0.00 0.00 0.12 0.00 0.00 0.00 2.05 21.00 57.53 0.12
846 D 9 4 133-134 94.03 2449.74 0.10 0.10 0.10 0.00 0.00 0.00 3.21 13.49 53.53 0.10
846 D 9 4 143-144 94.12 2451.56 0.00 0.00 0.00 0.00 0.08 0.00 5.93 18.40 43.56 0.00
846 D 9 5 3-4 94.22 2453.57 0.00 0.00 0.00 0.00 0.00 0.00 4.30 15.29 49.31 0.00
846 D 9 5 13-14 94.32 2455.67 0.00 0.14 0.07 0.00 0.07 0.00 3.92 16.59 55.20 0.14
846 D 9 5 23-24 94.42 2458.15 0.09 0.00 0.09 0.00 0.00 0.00 4.20 15.88 50.18 0.00
846 D 9 5 33-34 94.53 2460.99 0.00 0.15 0.00 0.00 0.00 0.00 3.93 17.51 55.32 0.39
846 D 9 5 43-44 94.63 2463.57 0.08 0.24 0.00 0.00 0.08 0.00 3.75 18.62 51.95 0.00
846 D 9 5 53-54 94.73 2466.15 0.23 0.35 0.00 0.00 0.00 0.00 3.21 15.09 55.47 0.00
846 D 9 5 63-64 94.84 2469.13 0.10 0.29 0.19 0.00 0.00 0.00 3.92 18.04 53.33 0.10
846 D 9 5 73-74 94.94 2472.26 0.00 0.13 0.13 0.00 0.00 0.00 3.17 25.00 50.35 0.13
846 D 9 5 83-84 95.04 2475.47 0.11 0.42 0.11 0.00 0.11 0.00 3.94 24.41 52.76 0.00
846 D 9 5 93-94 95.14 2478.64 0.00 0.31 0.00 0.00 0.00 0.00 3.30 22.39 49.17 0.15
846 D 9 5 103-104 95.24 2481.31 0.14 0.00 0.14 0.00 0.00 0.14 3.60 13.06 51.13 0.00
846 D 9 5 113-114 95.33 2483.24 0.22 0.00 0.33 0.00 0.22 0.00 3.40 17.66 51.91 0.22
846 D 9 5 123-124 95.43 2485.26 0.00 0.12 0.00 0.12 0.00 0.00 2.97 17.58 55.02 0.00
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846 D 9 5 133-134 95.52 2487.09 0.00 0.13 0.27 0.00 0.00 0.00 2.23 18.97 51.56 0.27
846 D 9 5 143-144 95.61 2488.92 0.00 0.00 0.00 0.12 0.12 0.00 3.41 18.18 52.95 0.00
846 D 9 6 3-4 95.704 2491.02 0.00 0.00 0.00 0.11 0.00 0.00 3.20 11.67 52.17 0.11
846 D 9 6 13-14 95.797 2493.32 0.00 0.12 0.00 0.00 0.00 0.00 2.67 12.73 51.95 0.12
846 D 9 6 23-24 95.891 2495.68 0.00 0.00 0.00 0.00 0.00 0.00 2.53 11.19 54.00 0.00
846 D 9 6 33-34 95.984 2497.98 0.00 0.00 0.08 0.00 0.00 0.00 2.00 12.90 50.08 0.00
846 D 9 6 43-44 96.078 2500.31 0.00 0.00 0.06 0.00 0.00 0.00 2.42 14.67 46.14 0.00
846 C 9 5 43-44 96.15 2502.08 0.06 0.18 0.00 0.06 0.12 0.00 3.38 11.23 48.77 0.00
846 D 9 6 53-54 96.172 2502.62 0.00 0.40 0.00 0.00 0.00 0.00 3.75 10.90 45.32 0.13
846 C 9 5 53-54 96.25 2504.52 0.00 0.15 0.00 0.07 0.07 0.00 2.84 13.38 46.15 0.07
846 D 9 6 63-64 96.266 2504.91 0.10 0.10 0.00 0.39 0.00 0.00 3.97 7.31 47.81 0.10
846 C 9 5 63-64 96.35 2506.96 0.10 0.21 0.00 0.10 0.00 0.00 3.45 8.41 46.55 0.00
846 D 9 6 73-74 96.359 2507.18 0.00 0.52 0.00 0.21 0.10 0.00 2.75 8.88 49.68 0.00
846 C 9 5 73-74 96.45 2509.40 0.21 0.21 0.00 0.00 0.00 0.00 3.35 10.24 46.85 0.00
846 D 9 6 83-84 96.454 2509.49 0.11 0.22 0.00 0.00 0.00 0.00 3.83 12.20 48.09 0.00
846 D 9 6 93-94 96.547 2511.76 0.00 0.22 0.11 0.00 0.00 0.00 2.48 13.17 51.15 0.00
846 C 9 5 83-84 96.55 2511.83 0.28 0.00 0.09 0.00 0.00 0.00 3.74 11.78 50.28 0.00
846 D 9 6 103-104 96.64 2513.79 0.00 0.34 0.22 0.00 0.00 0.00 2.71 11.21 54.97 0.00
846 C 9 5 93-94 96.65 2514.00 0.00 0.10 0.10 0.00 0.00 0.00 2.77 10.43 50.21 0.00
846 D 9 6 113-114 96.74 2515.77 0.00 0.10 0.10 0.00 0.00 0.00 2.49 13.69 54.15 0.20
846 C 9 5 103-104 96.75 2515.96 0.00 0.00 0.13 0.00 0.00 0.00 4.13 8.63 60.79 0.13
846 D 9 6 123-124 96.84 2517.72 0.15 0.00 0.00 0.00 0.15 0.15 2.66 13.80 58.11 0.45
846 C 9 5 113-114 96.87 2518.30 0.00 0.27 0.27 0.00 0.00 0.00 2.36 10.85 61.56 0.14
846 D 9 6 133-134 96.94 2519.67 0.00 0.00 0.14 0.00 0.00 0.00 3.32 12.24 62.50 0.14
846 C 9 5 123-124 96.98 2520.45 0.00 0.00 0.00 0.00 0.10 0.00 3.16 12.17 63.99 0.00
846 D 9 6 143-144 97.04 2521.62 0.00 0.00 0.12 0.00 0.00 0.00 3.91 12.22 62.84 0.23
846 C 9 5 133-134 97.08 2522.40 0.00 0.00 0.00 0.00 0.00 0.00 3.20 13.33 63.73 0.55
846 C 9 5 143-144 97.17 2524.15 0.00 0.00 0.00 0.13 0.00 0.00 3.30 10.38 65.32 0.00
846 C 9 6 3-4 97.27 2526.10 0.00 0.00 0.00 0.00 0.00 0.00 3.49 7.80 67.20 0.12
846 C 9 6 13-14 97.36 2527.86 0.45 0.00 0.00 0.00 0.00 0.00 4.35 8.15 66.03 0.00
846 C 9 6 23-24 97.46 2529.81 0.00 0.12 0.00 0.00 0.00 0.00 3.17 9.76 63.85 0.00
846 C 9 6 33-34 97.57 2531.96 0.27 0.14 0.00 0.00 0.00 0.00 3.51 10.28 63.91 0.14
846 C 9 6 43-44 97.69 2534.33 0.00 0.00 0.00 0.00 0.00 0.00 3.08 10.23 66.37 0.24
846 C 9 6 53-54 97.79 2536.38 0.00 0.12 0.00 0.12 0.00 0.00 4.12 12.68 59.65 0.24
846 C 9 6 63-64 97.89 2538.45 0.00 0.13 0.26 0.13 0.00 0.00 3.35 9.50 65.08 0.00
846 C 9 6 73-74 97.98 2540.31 0.00 0.14 0.00 0.00 0.00 0.00 3.02 9.32 63.73 0.14
846 C 9 6 83-84 98.08 2542.38 0.11 0.00 0.00 0.00 0.00 0.00 4.40 6.60 57.46 0.00
846 C 9 6 93-94 98.2 2544.86 0.00 0.00 0.00 0.00 0.00 0.00 3.25 7.72 59.35 0.00
846 C 9 6 103-104 98.33 2547.55 0.00 0.00 0.00 0.00 0.00 0.00 4.17 6.35 59.33 0.00
846 C 9 6 113-114 98.49 2550.86 0.08 0.00 0.08 0.00 0.00 0.00 3.77 8.18 49.06 0.00
136 Appendix A - Data Tables
Sample Information Relative abundance (%)
Si
te
H
ol
e
C
or
e/
Se
ct
io
n
Se
ct
io
n
In
te
rv
al
 (c
m
)
R
M
C
D
 (m
)
A
ge
 (k
a)
 [L
aw
re
nc
e e
t a
l. 2
00
6]
Sp
he
no
lit
hu
s a
bi
es
Po
nt
osp
ha
era
 m
ul
tip
or
a
Po
nt
osp
ha
era
 di
sco
po
ra
Po
nt
osp
ha
era
 ja
po
ni
ca
Po
nt
osp
ha
era
 sp
p.
 in
de
t. 
rim
 fl
us
h
Po
nt
osp
ha
era
 sp
p.
 in
de
t. 
rim
 n
ot
 fl
us
h
Ps
eu
do
em
ili
an
ia
 sp
p.
Re
tic
ul
ofe
ne
str
a h
aq
ii
VS
R 
(in
cl.
 R
. m
in
ut
a)
Re
tic
ul
ofe
ne
str
a p
seu
do
um
bi
lic
us
 >
7 
μm
846 D 10 1 13-14 98.73 2555.78 0.00 0.00 0.00 0.00 0.00 0.00 3.46 5.28 46.14 0.08
846 D 10 1 23-24 98.83 2557.72 0.00 0.00 0.00 0.00 0.13 0.00 2.18 6.21 51.34 0.07
846 D 10 1 33-34 98.93 2559.66 0.08 0.00 0.08 0.08 0.08 0.00 3.11 7.31 51.01 0.00
846 D 10 1 43-44 99.03 2561.59 0.00 0.00 0.00 0.08 0.08 0.08 3.38 5.87 51.07 0.00
846 D 10 1 53-54 99.13 2563.52 0.00 0.18 0.18 0.06 0.00 0.00 2.28 4.98 52.70 0.12
846 D 10 1 63-64 99.23 2565.44 0.08 0.08 0.08 0.08 0.00 0.00 2.57 5.32 51.97 0.16
846 D 10 1 73-74 99.33 2567.37 0.09 0.09 0.00 0.00 0.00 0.00 3.21 5.10 52.36 0.17
846 D 10 1 83-84 99.43 2569.29 0.00 0.06 0.00 0.00 0.00 0.00 3.05 8.40 49.81 0.12
846 D 10 1 93-94 99.53 2571.22 0.00 0.00 0.00 0.08 0.00 0.00 2.59 6.11 51.30 0.00
846 D 10 1 103-104 99.63 2573.14 0.08 0.00 0.00 0.00 0.08 0.08 2.61 5.41 52.61 0.00
846 D 10 1 113-114 99.73 2575.07 0.06 0.12 0.00 0.00 0.06 0.00 4.02 4.83 50.94 0.00
Table 1D: ODP Site 846 nannofossil assemblage data, MIS 95-101, Reticulofenestra 
pseudoumbilicus (medium) to Siliceous fragments.
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846 D 9 3 63-64 91.83 2401.55 1.70 0.00 0.14 0.00 0.00 0.00 0.21 0.00 0.56
846 D 9 3 73-74 91.93 2403.82 0.72 0.00 0.43 0.00 0.00 0.00 0.86 0.00 0.39
846 D 9 3 83-84 92.03 2406.08 1.75 0.21 0.52 0.00 0.00 0.00 0.72 0.00 0.64
846 D 9 3 93-94 92.13 2408.35 1.20 0.00 0.27 0.00 0.00 0.00 0.07 0.00 0.25
846 D 9 3 103-104 92.23 2410.62 1.95 0.00 0.41 0.16 0.00 0.00 0.73 0.00 0.26
846 D 9 3 113-114 92.33 2412.89 1.71 0.00 0.47 0.09 0.00 0.00 0.95 0.00 0.34
846 D 9 3 123-124 92.43 2415.16 1.20 0.00 0.28 0.21 0.00 0.00 0.42 0.00 0.26
846 D 9 3 133-134 92.53 2417.43 1.50 0.00 0.75 0.28 0.00 0.00 0.94 0.00 0.21
846 D 9 3 143-144 92.63 2419.69 1.55 0.08 0.93 0.23 0.00 0.00 0.70 0.00 0.21
846 D 9 4 3-4 92.73 2421.60 1.11 0.00 0.32 0.16 0.00 0.00 0.72 0.00 0.33
846 D 9 4 13-14 92.83 2423.57 0.93 0.00 0.12 0.12 0.00 0.00 1.05 0.12 0.46
846 D 9 4 23-24 92.93 2425.59 1.36 0.00 0.19 0.10 0.00 0.00 0.68 0.00 0.65
846 D 9 4 33-34 93.03 2427.60 1.69 0.13 0.26 0.00 0.00 0.00 1.82 0.00 0.62
846 D 9 4 43-44 93.14 2429.82 0.95 0.00 0.21 0.00 0.00 0.00 0.53 0.00 0.59
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846 D 9 4 53-54 93.24 2431.88 1.70 0.00 0.15 0.00 0.00 0.00 1.39 0.00 0.57
846 D 9 4 63-64 93.34 2434.22 1.11 0.00 0.20 0.13 0.00 0.00 2.17 0.00 0.63
846 D 9 4 73-74 93.44 2436.64 1.51 0.00 0.13 0.00 0.00 0.00 1.51 0.00 0.74
846 D 9 4 83-84 93.54 2439.05 1.42 0.00 0.11 0.00 0.00 0.00 1.09 0.00 0.59
846 D 9 4 93-94 93.64 2441.47 1.21 0.00 0.36 0.00 0.00 0.00 0.73 0.00 0.66
846 D 9 4 103-104 93.73 2443.49 2.07 0.00 0.44 0.00 0.00 0.11 4.04 0.00 0.71
846 D 9 4 113-114 93.83 2445.68 1.95 0.00 0.39 0.00 0.00 0.00 2.93 0.00 0.61
846 D 9 4 123-124 93.93 2447.73 0.93 0.00 0.00 0.12 0.00 0.00 1.27 0.00 0.66
846 D 9 4 133-134 94.03 2449.74 1.13 0.00 0.21 0.10 0.00 0.00 3.21 0.00 0.58
846 D 9 4 143-144 94.12 2451.56 1.95 0.00 0.41 0.16 0.00 0.00 0.73 0.00 0.26
846 D 9 5 3-4 94.22 2453.57 1.71 0.00 0.47 0.09 0.00 0.00 0.95 0.00 0.34
846 D 9 5 13-14 94.32 2455.67 1.20 0.00 0.28 0.21 0.00 0.00 0.42 0.00 0.26
846 D 9 5 23-24 94.42 2458.15 1.50 0.00 0.75 0.28 0.00 0.00 0.94 0.00 0.21
846 D 9 5 33-34 94.53 2460.99 1.55 0.08 0.93 0.23 0.00 0.00 0.70 0.00 0.21
846 D 9 5 43-44 94.63 2463.57 1.11 0.00 0.32 0.16 0.00 0.00 0.72 0.00 0.33
846 D 9 5 53-54 94.73 2466.15 0.93 0.00 0.12 0.12 0.00 0.00 1.05 0.12 0.46
846 D 9 5 63-64 94.84 2469.13 1.36 0.00 0.19 0.10 0.00 0.00 0.68 0.00 0.65
846 D 9 5 73-74 94.94 2472.26 1.69 0.13 0.26 0.00 0.00 0.00 1.82 0.00 0.62
846 D 9 5 83-84 95.04 2475.47 0.95 0.00 0.21 0.00 0.00 0.00 0.53 0.00 0.59
846 D 9 5 93-94 95.14 2478.64 1.70 0.00 0.15 0.00 0.00 0.00 1.39 0.00 0.57
846 D 9 5 103-104 95.24 2481.31 1.68 0.00 0.28 0.28 0.00 0.00 1.12 0.14 0.72
846 D 9 5 113-114 95.33 2483.24 1.76 0.00 0.22 0.00 0.00 0.00 0.88 0.00 0.71
846 D 9 5 123-124 95.43 2485.26 1.87 0.00 0.50 0.12 0.00 0.00 1.37 0.25 0.99
846 D 9 5 133-134 95.52 2487.09 1.59 0.00 0.13 0.00 0.00 0.13 1.59 0.00 1.05
846 D 9 5 143-144 95.61 2488.92 1.39 0.00 0.12 0.23 0.00 0.12 1.04 0.12 0.88
846 D 9 6 3-4 95.704 2491.02 0.65 0.00 0.22 0.11 0.00 0.11 1.20 0.22 0.84
846 D 9 6 13-14 95.797 2493.32 0.47 0.00 0.47 0.00 0.00 0.12 1.18 0.12 0.57
846 D 9 6 23-24 95.891 2495.68 0.77 0.00 0.11 0.00 0.11 0.00 0.99 0.00 0.53
846 D 9 6 33-34 95.984 2497.98 0.65 0.00 0.24 0.08 0.08 0.00 1.29 0.00 0.40
846 D 9 6 43-44 96.078 2500.31 0.87 0.00 0.17 0.00 0.00 0.00 0.69 0.00 0.17
846 C 9 5 43-44 96.15 2502.08 0.58 0.06 0.29 0.06 0.00 0.00 1.40 0.00 0.31
846 D 9 6 53-54 96.172 2502.62 0.53 0.00 0.53 0.07 0.00 0.00 1.33 0.00 0.21
846 C 9 5 53-54 96.25 2504.52 0.59 0.07 0.44 0.22 0.00 0.00 1.69 0.00 0.30
846 D 9 6 63-64 96.266 2504.91 0.39 0.00 0.30 0.30 0.00 0.00 0.30 0.00 0.36
846 C 9 5 63-64 96.35 2506.96 0.21 0.00 0.42 0.00 0.00 0.00 0.73 0.00 0.44
846 D 9 6 73-74 96.359 2507.18 0.21 0.00 0.21 0.10 0.00 0.00 1.04 0.21 0.36
846 C 9 5 73-74 96.45 2509.40 0.10 0.00 0.00 0.00 0.00 0.00 0.42 0.00 0.43
846 D 9 6 83-84 96.454 2509.49 0.54 0.00 0.22 0.00 0.00 0.00 1.29 0.00 0.29
846 D 9 6 93-94 96.547 2511.76 0.22 0.00 0.00 0.00 0.00 0.00 1.68 0.00 0.52
846 C 9 5 83-84 96.55 2511.83 0.65 0.00 0.09 0.09 0.00 0.00 2.43 0.09 0.55
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846 D 9 6 103-104 96.64 2513.79 0.79 0.00 0.00 0.00 0.00 0.00 1.57 0.11 0.46
846 C 9 5 93-94 96.65 2514.00 0.73 0.21 0.42 0.10 0.00 0.00 1.57 0.00 0.29
846 D 9 6 113-114 96.74 2515.77 1.02 0.10 0.10 0.00 0.10 0.00 2.90 0.10 0.48
846 C 9 5 103-104 96.75 2515.96 0.38 0.00 0.26 0.00 0.00 0.00 0.26 0.00 0.61
846 D 9 6 123-124 96.84 2517.72 1.81 0.00 0.60 0.15 0.15 0.00 2.11 0.15 0.61
846 C 9 5 113-114 96.87 2518.30 0.41 0.14 0.00 0.00 0.00 0.00 1.08 0.00 0.52
846 D 9 6 133-134 96.94 2519.67 0.71 0.00 0.00 0.00 0.14 0.00 1.27 0.00 0.59
846 C 9 5 123-124 96.98 2520.45 1.10 0.00 0.10 0.00 0.00 0.00 1.41 0.00 0.57
846 D 9 6 143-144 97.04 2521.62 0.81 0.00 0.23 0.00 0.12 0.00 3.84 0.00 0.87
846 C 9 5 133-134 97.08 2522.40 0.65 0.11 0.00 0.00 0.00 0.00 1.64 0.00 0.89
846 C 9 5 143-144 97.17 2524.15 0.53 0.00 0.13 0.13 0.00 0.00 2.77 0.00 0.77
846 C 9 6 3-4 97.27 2526.10 1.20 0.00 0.24 0.00 0.00 0.00 0.96 0.00 0.70
846 C 9 6 13-14 97.36 2527.86 1.06 0.00 0.00 0.00 0.15 0.00 1.52 0.00 0.79
846 C 9 6 23-24 97.46 2529.81 0.87 0.00 0.37 0.00 0.00 0.00 3.60 0.00 0.77
846 C 9 6 33-34 97.57 2531.96 0.54 0.00 0.54 0.00 0.00 0.14 0.68 0.00 0.80
846 C 9 6 43-44 97.69 2534.33 0.83 0.00 0.24 0.00 0.00 0.12 0.71 0.00 1.44
846 C 9 6 53-54 97.79 2536.38 0.97 0.00 0.00 0.12 0.00 0.00 0.97 0.00 1.18
846 C 9 6 63-64 97.89 2538.45 1.41 0.00 0.26 0.00 0.00 0.13 0.39 0.00 1.24
846 C 9 6 73-74 97.98 2540.31 0.82 0.00 0.27 0.00 0.00 0.00 0.95 0.00 1.10
846 C 9 6 83-84 98.08 2542.38 1.19 0.00 0.00 0.00 0.00 0.00 0.65 0.11 0.54
846 C 9 6 93-94 98.2 2544.86 0.47 0.00 0.47 0.00 0.00 0.19 0.47 0.00 0.38
846 C 9 6 103-104 98.33 2547.55 0.74 0.09 0.56 0.00 0.00 0.09 0.74 0.09 0.22
846 C 9 6 113-114 98.49 2550.86 0.30 0.00 0.08 0.00 0.00 0.00 0.53 0.08 0.36
846 D 10 1 13-14 98.73 2555.78 0.39 0.00 0.16 0.00 0.00 0.00 0.47 0.00 0.15
846 D 10 1 23-24 98.83 2557.72 0.40 0.00 0.07 0.00 0.00 0.13 0.46 0.33 0.20
846 D 10 1 33-34 98.93 2559.66 0.45 0.00 0.15 0.00 0.00 0.23 0.15 0.38 0.19
846 D 10 1 43-44 99.03 2561.59 0.32 0.00 0.24 0.00 0.00 0.00 0.32 0.24 0.24
846 D 10 1 53-54 99.13 2563.52 0.49 0.00 0.30 0.06 0.00 0.00 0.55 0.06 0.23
846 D 10 1 63-64 99.23 2565.44 0.32 0.08 0.47 0.08 0.00 0.00 0.63 0.00 0.28
846 D 10 1 73-74 99.33 2567.37 0.61 0.09 0.35 0.00 0.00 0.00 0.44 0.09 0.27
846 D 10 1 83-84 99.43 2569.29 0.52 0.00 0.12 0.00 0.06 0.00 0.58 0.00 0.18
846 D 10 1 93-94 99.53 2571.22 0.72 0.00 0.24 0.00 0.08 0.00 0.88 0.08 0.19
846 D 10 1 103-104 99.63 2573.14 0.31 0.00 0.31 0.00 0.00 0.08 0.00 0.70 0.30
846 D 10 1 113-114 99.73 2575.07 0.54 0.06 0.30 0.06 0.00 0.06 0.36 0.06 0.52
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Table 2A: ODP Site 806 nannofossil assemblage data, MIS 95-101, Calcidiscus leptoporus 
to Coccolithus pelagicus (medium + bar).
Sample Information Relative abundance (%)
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806 B 6 6 80 81 55.61 2405.20 7.94 0.08 0.08 0.00 0.40 0.00 0.24 0.08 0.24 0.08
806 B 6 6 85 86 55.66 2406.29 5.39 0.05 0.05 0.05 0.49 0.00 0.43 0.05 0.27 0.00
806 B 6 6 90 91 55.71 2407.39 6.00 0.05 0.05 0.00 0.05 0.00 0.30 0.05 0.46 0.05
806 B 6 6 95 96 55.76 2408.49 7.00 0.00 0.09 0.00 0.45 0.00 0.18 0.00 0.63 0.00
806 B 6 6 100 101 55.81 2409.65 7.62 0.07 0.00 0.11 0.66 0.00 0.51 0.15 0.88 0.00
806 B 6 6 105 106 55.86 2411.51 2.16 0.00 0.05 0.00 0.20 0.10 0.40 0.00 0.80 0.00
806 B 6 6 110 111 55.91 2413.62 3.95 0.00 0.08 0.00 1.37 0.00 0.00 0.00 0.46 0.00
806 B 6 6 115 116 55.96 2415.72 6.17 0.00 0.16 0.00 0.21 0.00 0.85 0.00 0.32 0.00
806 B 6 6 120 121 56.01 2417.83 7.11 0.00 0.09 0.00 0.17 0.00 0.70 0.09 0.26 0.09
806 B 6 6 125 126 56.06 2419.93 5.58 0.18 0.35 0.27 0.53 0.00 0.53 0.09 0.35 0.09
806 B 6 6 130 131 56.11 2422.04 5.61 0.11 0.33 0.00 0.00 0.11 0.11 0.11 0.44 0.00
806 B 6 6 135 136 56.16 2424.15 5.44 0.00 0.27 0.00 0.64 0.00 0.55 0.18 0.73 0.00
806 B 6 6 140 141 56.21 2426.25 2.47 0.13 0.22 0.19 0.06 0.00 0.19 0.06 0.44 0.00
806 B 6 6 145 146 56.26 2428.36 4.16 0.00 0.15 0.06 0.06 0.00 0.43 0.37 0.87 0.00
806 B 6 7 0 1 56.32 2430.88 5.50 0.00 0.22 0.00 0.00 0.00 0.07 0.07 0.14 0.07
806 B 6 7 5 6 56.37 2432.84 3.31 0.00 0.33 0.00 0.08 0.00 0.17 0.08 0.00 0.00
806 B 6 7 10 11 56.42 2434.77 4.39 0.08 0.15 0.08 0.00 0.00 0.38 0.08 0.30 0.00
806 B 6 7 15 16 56.47 2436.60 2.25 0.10 0.05 0.10 0.00 0.00 0.10 0.00 0.10 0.10
806 B 6 7 20 21 56.52 2438.40 2.30 0.18 0.28 0.18 0.00 0.00 0.18 0.09 0.28 0.00
806 B 6 7 25 26 56.57 2440.19 2.04 0.33 0.17 0.00 0.00 0.00 0.20 0.20 0.27 0.00
806 B 6 7 30 31 56.62 2441.99 2.09 0.00 0.05 0.10 0.00 0.00 0.90 0.10 0.30 0.10
806 B 6 7 35 36 56.67 2443.79 5.88 0.05 0.19 0.00 0.00 0.00 0.56 0.09 0.14 0.00
806 B 6 7 40 41 56.72 2445.59 2.71 0.00 0.00 0.00 0.00 0.00 0.33 0.43 0.43 0.00
806 B 6 7 45 46 56.76 2447.39 3.10 0.00 0.25 0.10 0.00 0.00 0.41 0.00 0.20 0.00
806 B 6 7 50 51 56.81 2449.19 2.28 0.08 0.04 0.31 0.00 0.00 0.31 0.00 0.39 0.15
806 B 6 7 55 56 56.86 2450.98 6.20 0.00 0.09 0.05 0.00 0.09 0.18 0.00 0.23 0.00
806 B 6 7 60 61 56.91 2452.78 3.12 0.13 0.06 0.26 0.13 0.26 0.52 0.00 0.13 0.00
806 B 6 7 65 66 56.96 2454.58 3.66 0.13 0.07 0.07 0.00 0.00 0.13 0.00 0.07 0.00
806 B 6 7 70 71 57.01 2456.38 3.88 0.07 0.07 0.07 0.00 0.00 0.14 0.00 0.29 0.00
806 B 6 7 75 76 57.06 2458.18 7.48 0.16 0.14 0.22 0.00 0.00 0.27 0.05 0.33 0.00
806 B 6 7 80 81 57.11 2459.98 5.49 0.17 0.20 0.00 0.00 0.00 0.07 0.00 0.03 0.00
806 B 6 7 85 86 57.16 2461.77 3.54 0.30 0.30 0.61 0.00 0.00 0.00 0.00 0.10 0.00
806 B 6 cc 0 1 57.18 2462.51 4.07 0.06 0.06 0.06 0.00 0.00 0.17 0.06 0.06 0.00
806 B 6 cc 5 6 57.23 2464.89 2.37 0.07 0.24 0.21 0.00 0.00 0.00 0.00 0.00 0.00
806 B 6 cc 10 11 57.28 2467.66 5.47 0.00 0.06 0.18 0.00 0.00 0.06 0.06 0.00 0.00
806 B 7 1 25 26 57.57 2483.73 4.68 0.00 0.11 0.06 0.00 0.06 0.17 0.11 0.06 0.00
806 B 7 1 30 31 57.62 2486.39 3.85 0.00 0.14 0.00 0.00 0.00 0.07 0.07 0.21 0.00
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806 B 7 1 35 36 57.67 2488.35 2.86 0.07 0.26 0.00 0.00 0.00 0.44 0.22 0.15 0.00
806 B 7 1 40 41 57.72 2489.79 3.07 0.08 0.08 0.04 0.00 0.00 0.29 0.04 0.08 0.00
806 B 7 1 45 46 57.77 2491.15 4.44 0.16 0.14 0.11 0.00 0.00 0.54 0.49 0.54 0.05
806 B 7 1 50 51 57.82 2492.52 3.90 0.33 0.23 0.13 0.00 0.00 1.00 0.40 0.60 0.07
806 B 7 1 55 56 57.87 2493.88 3.56 0.05 0.18 0.16 0.00 0.00 0.31 0.21 0.31 0.00
806 B 7 1 60 61 57.92 2495.24 4.09 0.00 0.28 0.09 0.00 0.00 0.66 0.75 0.94 0.09
806 B 7 1 65 66 57.97 2496.61 4.75 0.18 0.22 0.09 0.00 0.00 0.75 0.57 1.10 0.18
806 B 7 1 70 71 58.02 2498.02 6.48 0.28 0.53 0.14 0.00 0.00 0.69 0.51 0.69 0.09
806 B 7 1 75 76 58.07 2499.71 3.23 0.27 0.14 0.14 0.00 0.07 0.07 0.00 0.47 0.00
806 B 7 1 80 81 58.12 2501.65 2.72 0.00 0.03 0.00 0.00 0.12 0.17 0.00 0.12 0.00
806 B 7 1 85 86 58.17 2503.91 2.12 0.21 0.00 0.07 0.00 0.07 0.00 0.00 0.21 0.07
806 B 7 1 90 91 58.22 2506.39 4.08 0.04 0.04 0.00 0.00 0.04 0.08 0.12 0.08 0.00
806 B 7 1 95 96 58.27 2508.89 4.34 0.04 0.12 0.00 0.00 0.00 0.04 0.08 0.31 0.00
806 B 7 1 100 101 58.32 2511.39 3.32 0.13 0.28 0.00 0.00 0.00 0.03 0.03 0.26 0.00
806 B 7 1 105 106 58.37 2513.89 4.34 0.17 0.13 0.00 0.00 0.00 0.35 0.17 0.35 0.00
806 B 7 1 110 111 58.42 2516.40 3.76 0.08 0.10 0.11 0.00 0.00 0.14 0.00 0.11 0.03
806 B 7 1 115 116 58.47 2518.90 2.10 0.05 0.32 0.09 0.00 0.00 0.32 0.09 0.18 0.05
806 B 7 1 120 121 58.52 2521.35 3.69 0.04 0.09 0.11 0.00 0.00 0.27 0.27 0.23 0.00
806 B 7 1 125 126 58.57 2523.53 2.29 0.00 0.19 0.11 0.00 0.00 0.00 0.11 0.17 0.00
806 B 7 1 130 131 58.62 2525.66 2.15 0.07 0.30 0.07 0.00 0.00 0.33 0.20 0.13 0.00
806 B 7 1 135 136 58.67 2527.79 3.79 0.00 0.20 0.00 0.00 0.00 0.29 0.23 0.12 0.00
806 B 7 1 140 141 58.72 2529.92 1.37 0.06 0.30 0.00 0.00 0.00 0.48 0.42 0.54 0.00
806 B 7 1 145 146 58.77 2532.05 1.95 0.29 0.49 0.00 0.00 0.00 0.63 0.29 0.52 0.00
806 B 7 2 3 4 58.85 2533.62 2.40 0.13 1.17 0.00 0.00 0.00 0.65 0.19 0.45 0.00
806 B 7 2 5 6 58.87 2534.33 2.36 0.11 0.27 0.00 0.00 0.00 0.49 0.00 0.82 0.05
806 B 7 2 10 11 58.92 2536.11 3.74 0.18 0.89 0.06 0.00 0.00 0.48 0.42 1.07 0.00
806 B 7 2 15 16 58.97 2537.89 4.30 0.00 0.17 0.00 0.00 0.00 0.39 0.28 0.73 0.00
806 B 7 2 20 21 59.02 2539.67 6.33 0.00 0.07 0.00 0.00 0.00 0.29 0.10 0.19 0.05
806 B 7 2 25 26 59.07 2541.44 4.99 0.04 0.17 0.00 0.00 0.00 0.13 0.08 0.08 0.00
806 B 7 2 30 31 59.12 2543.22 5.93 0.00 0.19 0.00 0.00 0.05 0.00 0.00 0.10 0.05
806 B 7 2 35 36 59.17 2545.00 2.95 0.10 0.12 0.00 0.00 0.07 0.00 0.00 0.03 0.00
806 B 7 2 40 41 59.22 2546.78 4.88 0.12 0.71 0.00 0.00 0.06 0.00 0.00 0.06 0.00
806 B 7 2 45 46 59.27 2548.43 4.06 0.15 0.43 0.00 0.00 0.05 0.00 0.00 0.10 0.00
806 B 7 2 50 51 59.32 2550.00 5.28 0.12 0.36 0.00 0.00 0.00 0.05 0.05 0.05 0.00
806 B 7 2 55 56 59.37 2551.55 2.97 0.27 0.38 0.00 0.00 0.00 0.14 0.07 0.14 0.00
806 B 7 2 60 61 59.42 2553.07 3.66 0.10 0.26 0.00 0.00 0.05 0.43 0.05 0.38 0.05
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Table 2B: ODP Site 806 nannofossil assemblage data, MIS 95-101, Discoaster brouweri to 
Helicosphaera carteri var. wallichii.
Sample Information Relative abundance (%)
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806 B 6 6 80 81 55.61 2405.20 2.69 0.00 0.00 0.00 0.04 1.87 33.59 0.00 0.56 0.04
806 B 6 6 85 86 55.66 2406.29 1.37 0.00 0.00 0.00 0.25 0.54 31.45 0.00 0.36 0.07
806 B 6 6 90 91 55.71 2407.39 2.58 0.00 0.03 0.00 0.06 0.64 34.58 0.00 0.40 0.09
806 B 6 6 95 96 55.76 2408.49 0.95 0.00 0.00 0.00 0.60 0.06 32.99 0.00 0.66 0.06
806 B 6 6 100 101 55.81 2409.65 0.99 0.00 0.00 0.00 0.00 0.52 34.37 0.00 0.93 0.00
806 B 6 6 105 106 55.86 2411.51 0.94 0.00 0.00 0.00 0.19 0.33 30.68 0.00 0.71 0.00
806 B 6 6 110 111 55.91 2413.62 1.02 0.00 0.00 0.06 0.00 0.45 34.44 0.00 0.32 0.06
806 B 6 6 115 116 55.96 2415.72 1.10 0.00 0.05 0.00 0.16 0.22 26.57 0.00 0.71 0.00
806 B 6 6 120 121 56.01 2417.83 0.37 0.00 0.00 0.04 0.08 0.24 37.51 0.00 0.53 0.00
806 B 6 6 125 126 56.06 2419.93 0.99 0.00 0.00 0.00 0.00 0.25 28.80 0.00 0.50 0.00
806 B 6 6 130 131 56.11 2422.04 0.54 0.00 0.00 0.00 0.00 0.05 27.84 0.00 0.27 0.00
806 B 6 6 135 136 56.16 2424.15 0.23 0.00 0.00 0.00 0.17 0.11 26.77 0.00 0.11 0.00
806 B 6 6 140 141 56.21 2426.25 0.68 0.00 0.00 0.00 0.12 0.37 20.84 0.00 0.56 0.00
806 B 6 6 145 146 56.26 2428.36 0.53 0.00 0.00 0.08 0.08 0.46 16.15 0.00 0.30 0.00
806 B 6 7 0 1 56.32 2430.88 0.57 0.00 0.00 0.00 0.24 0.57 15.99 0.00 0.57 0.00
806 B 6 7 5 6 56.37 2432.84 0.69 0.00 0.00 0.00 0.14 0.48 15.84 0.00 1.03 0.00
806 B 6 7 10 11 56.42 2434.77 0.40 0.00 0.00 0.00 0.10 0.10 15.26 0.00 0.71 0.00
806 B 6 7 15 16 56.47 2436.60 0.13 0.00 0.00 0.00 0.13 0.00 13.57 0.00 0.57 0.00
806 B 6 7 20 21 56.52 2438.40 0.17 0.00 0.00 0.00 0.00 0.17 17.91 0.00 0.76 0.08
806 B 6 7 25 26 56.57 2440.19 0.22 0.00 0.00 0.00 0.00 0.22 19.32 0.00 0.28 0.00
806 B 6 7 30 31 56.62 2441.99 0.43 0.00 0.00 0.00 0.00 0.07 19.61 0.00 0.43 0.07
806 B 6 7 35 36 56.67 2443.79 0.89 0.00 0.00 0.00 0.07 0.20 24.55 0.00 0.34 0.00
806 B 6 7 40 41 56.72 2445.59 0.30 0.00 0.00 0.00 0.04 0.15 25.93 0.00 0.33 0.04
806 B 6 7 45 46 56.76 2447.39 0.49 0.00 0.00 0.00 0.05 0.16 26.16 0.00 0.49 0.27
806 B 6 7 50 51 56.81 2449.19 0.41 0.00 0.00 0.00 0.07 0.27 28.32 0.00 0.68 0.00
806 B 6 7 55 56 56.86 2450.98 0.69 0.00 0.00 0.00 0.11 0.16 31.07 0.00 0.58 0.11
806 B 6 7 60 61 56.91 2452.78 0.29 0.00 0.00 0.03 0.03 0.26 29.81 0.00 0.73 0.09
806 B 6 7 65 66 56.96 2454.58 1.26 0.00 0.00 0.00 0.07 0.84 32.67 0.00 1.05 0.00
806 B 6 7 70 71 57.01 2456.38 2.78 0.00 0.08 0.04 0.12 1.01 30.05 0.00 0.76 0.04
806 B 6 7 75 76 57.06 2458.18 1.11 0.00 0.00 0.00 0.00 0.72 36.90 0.00 0.65 0.07
806 B 6 7 80 81 57.11 2459.98 1.36 0.00 0.00 0.00 0.13 0.61 32.01 0.00 0.83 0.00
806 B 6 7 85 86 57.16 2461.77 1.97 0.06 0.06 0.00 0.12 0.64 35.00 0.00 0.64 0.06
806 B 6 cc 0 1 57.18 2462.51 2.49 0.00 0.00 0.00 0.18 0.63 39.73 0.00 0.50 0.05
806 B 6 cc 5 6 57.23 2464.89 2.13 0.00 0.00 0.00 0.11 0.56 36.14 0.00 0.78 0.00
806 B 6 cc 10 11 57.28 2467.66 2.29 0.00 0.00 0.00 0.10 0.88 28.31 0.00 0.78 0.00
806 B 7 1 25 26 57.57 2483.73 2.08 0.09 0.00 0.00 0.09 1.23 21.51 0.00 0.57 0.19
806 B 7 1 30 31 57.62 2486.39 1.93 0.09 0.00 0.00 0.09 0.79 19.02 0.00 0.85 0.16
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806 B 7 1 35 36 57.67 2488.35 1.95 0.00 0.00 0.05 0.05 1.43 13.97 0.00 0.60 0.28
806 B 7 1 40 41 57.72 2489.79 2.20 0.05 0.00 0.00 0.00 1.78 14.96 0.00 1.65 0.23
806 B 7 1 45 46 57.77 2491.15 3.66 0.05 0.00 0.00 0.05 1.46 16.41 0.00 0.70 0.05
806 B 7 1 50 51 57.82 2492.52 2.39 0.00 0.05 0.00 0.16 1.14 23.17 0.00 0.62 0.05
806 B 7 1 55 56 57.87 2493.88 3.05 0.00 0.00 0.00 0.42 2.08 29.48 0.00 0.56 0.14
806 B 7 1 60 61 57.92 2495.24 1.63 0.06 0.00 0.00 0.19 1.19 30.01 0.00 0.69 0.00
806 B 7 1 65 66 57.97 2496.61 2.76 0.11 0.04 0.00 0.04 1.50 30.22 0.00 0.35 0.02
806 B 7 1 70 71 58.02 2498.02 3.56 0.11 0.04 0.00 0.00 1.47 29.94 0.00 0.77 0.04
806 B 7 1 75 76 58.07 2499.71 2.09 0.05 0.00 0.00 0.14 1.41 32.11 0.00 0.36 0.00
806 B 7 1 80 81 58.12 2501.65 3.38 0.05 0.00 0.00 0.00 0.79 32.33 0.00 0.61 0.05
806 B 7 1 85 86 58.17 2503.91 2.26 0.16 0.00 0.00 0.11 1.90 35.15 0.00 0.43 0.05
806 B 7 1 90 91 58.22 2506.39 2.87 0.17 0.00 0.00 0.34 1.86 27.78 0.00 0.84 0.08
806 B 7 1 95 96 58.27 2508.89 3.34 0.37 0.00 0.00 0.00 1.62 25.08 0.00 0.75 0.12
806 B 7 1 100 101 58.32 2511.39 2.28 0.35 0.00 0.00 0.35 1.31 23.27 0.00 0.97 0.07
806 B 7 1 105 106 58.37 2513.89 3.16 0.28 0.00 0.00 0.37 2.04 24.12 0.00 1.49 0.00
806 B 7 1 110 111 58.42 2516.40 3.57 0.37 0.00 0.00 0.06 1.55 18.37 0.00 0.99 0.12
806 B 7 1 115 116 58.47 2518.90 4.63 0.32 0.00 0.00 0.00 2.40 16.80 0.00 1.34 0.16
806 B 7 1 120 121 58.52 2521.35 3.51 0.04 0.00 0.04 0.00 3.17 13.02 0.00 1.40 0.35
806 B 7 1 125 126 58.57 2523.53 2.73 0.05 0.11 0.05 0.00 2.07 14.51 0.00 1.69 0.16
806 B 7 1 130 131 58.62 2525.66 2.48 0.06 0.00 0.00 0.25 1.35 12.27 0.00 2.17 0.18
806 B 7 1 135 136 58.67 2527.79 3.07 0.00 0.05 0.00 0.05 1.69 16.25 0.00 1.86 0.27
806 B 7 1 140 141 58.72 2529.92 2.64 0.03 0.00 0.00 0.03 2.80 17.56 0.00 1.09 0.10
806 B 7 1 145 146 58.77 2532.05 2.95 0.13 0.04 0.00 0.04 2.39 21.50 0.00 0.92 0.13
806 B 7 2 3 4 58.85 2533.62 2.12 0.17 0.00 0.04 0.04 1.45 22.85 0.00 0.68 0.09
806 B 7 2 5 6 58.87 2534.33 1.65 0.17 0.06 0.00 0.23 0.63 26.95 0.00 0.74 0.29
806 B 7 2 10 11 58.92 2536.11 1.95 0.21 0.00 0.00 0.05 1.09 26.47 0.00 0.88 0.16
806 B 7 2 15 16 58.97 2537.89 1.83 0.18 0.00 0.00 0.18 0.67 34.30 0.00 0.98 0.06
806 B 7 2 20 21 59.02 2539.67 0.76 0.00 0.00 0.00 0.06 0.44 31.50 0.00 1.20 0.06
806 B 7 2 25 26 59.07 2541.44 0.43 0.11 0.00 0.00 0.16 0.54 40.09 0.00 0.86 0.05
806 B 7 2 30 31 59.12 2543.22 0.75 0.17 0.06 0.00 0.06 0.52 35.88 0.00 0.40 0.17
806 B 7 2 35 36 59.17 2545.00 1.15 0.00 0.00 0.00 0.13 0.47 35.07 0.00 0.88 0.20
806 B 7 2 40 41 59.22 2546.78 1.53 0.00 0.00 0.00 0.08 1.13 43.39 0.00 0.32 0.24
806 B 7 2 45 46 59.27 2548.43 1.54 0.13 0.00 0.00 0.00 0.90 42.45 0.00 0.77 0.26
806 B 7 2 50 51 59.32 2550.00 2.21 0.13 0.04 0.00 0.13 1.91 39.62 0.00 0.77 0.17
806 B 7 2 55 56 59.37 2551.55 2.26 0.06 0.00 0.00 0.06 2.33 42.87 0.00 0.54 0.06
806 B 7 2 60 61 59.42 2553.07 3.55 0.40 0.00 0.13 0.13 2.70 39.63 0.00 0.81 0.20
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Table 2C: ODP Site 806 nannofossil assemblage data, MIS 95-101, Helicosphaera selii to 
VSR.
Sample Information Relative abundance (%)
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806 B 6 6 80 81 55.61 2405.20 0.00 0.00 0.00 0.00 0.00 0.04 0.04 1.12 1.87 54.53
806 B 6 6 85 86 55.66 2406.29 0.00 0.00 0.04 0.00 0.00 0.00 0.00 2.56 1.92 56.72
806 B 6 6 90 91 55.71 2407.39 0.00 0.00 0.00 0.00 0.00 0.03 0.00 2.82 0.76 53.71
806 B 6 6 95 96 55.76 2408.49 0.00 0.00 0.00 0.00 0.00 0.06 0.00 2.08 1.47 56.41
806 B 6 6 100 101 55.81 2409.65 0.00 0.00 0.00 0.00 0.00 0.00 0.06 2.20 1.69 55.90
806 B 6 6 105 106 55.86 2411.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.30 1.95 58.32
806 B 6 6 110 111 55.91 2413.62 0.00 0.00 0.06 0.00 0.00 0.06 0.00 0.51 1.66 56.09
806 B 6 6 115 116 55.96 2415.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.60 2.02 62.59
806 B 6 6 120 121 56.01 2417.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.65 0.65 56.26
806 B 6 6 125 126 56.06 2419.93 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.91 0.91 62.64
806 B 6 6 130 131 56.11 2422.04 0.00 0.05 0.05 0.00 0.00 0.00 0.00 0.91 0.82 63.59
806 B 6 6 135 136 56.16 2424.15 0.00 0.00 0.00 0.00 0.00 0.06 0.00 1.03 0.29 66.86
806 B 6 6 140 141 56.21 2426.25 0.00 0.00 0.06 0.00 0.00 0.06 0.00 0.37 0.93 70.80
806 B 6 6 145 146 56.26 2428.36 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.76 0.68 75.39
806 B 6 7 0 1 56.32 2430.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.89 0.89 76.02
806 B 6 7 5 6 56.37 2432.84 0.07 0.07 0.00 0.00 0.00 0.00 0.07 1.17 1.37 73.13
806 B 6 7 10 11 56.42 2434.77 0.00 0.00 0.00 0.00 0.00 0.10 0.00 2.52 3.62 67.98
806 B 6 7 15 16 56.47 2436.60 0.00 0.00 0.06 0.06 0.00 0.00 0.00 0.89 3.51 71.99
806 B 6 7 20 21 56.52 2438.40 0.00 0.00 0.00 0.08 0.00 0.00 0.00 2.09 4.00 68.52
806 B 6 7 25 26 56.57 2440.19 0.00 0.00 0.00 0.00 0.00 0.00 0.06 2.06 2.80 69.62
806 B 6 7 30 31 56.62 2441.99 0.07 0.00 0.00 0.00 0.00 0.00 0.00 1.21 5.95 67.17
806 B 6 7 35 36 56.67 2443.79 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.07 5.24 59.03
806 B 6 7 40 41 56.72 2445.59 0.04 0.00 0.00 0.00 0.00 0.00 0.00 1.22 4.28 64.83
806 B 6 7 45 46 56.76 2447.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.43 3.70 62.49
806 B 6 7 50 51 56.81 2449.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.20 3.96 59.28
806 B 6 7 55 56 56.86 2450.98 0.00 0.00 0.00 0.00 0.00 0.05 0.00 1.69 2.85 59.57
806 B 6 7 60 61 56.91 2452.78 0.03 0.00 0.00 0.00 0.00 0.03 0.00 2.57 1.71 60.60
806 B 6 7 65 66 56.96 2454.58 0.00 0.00 0.00 0.00 0.00 0.07 0.00 1.52 2.80 54.61
806 B 6 7 70 71 57.01 2456.38 0.12 0.00 0.00 0.00 0.00 0.00 0.00 1.28 3.60 54.52
806 B 6 7 75 76 57.06 2458.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.72 2.45 53.81
806 B 6 7 80 81 57.11 2459.98 0.00 0.00 0.00 0.04 0.00 0.00 0.00 2.10 2.66 55.63
806 B 6 7 85 86 57.16 2461.77 0.00 0.00 0.00 0.00 0.00 0.12 0.00 1.73 2.59 52.50
806 B 6 cc 0 1 57.18 2462.51 0.05 0.00 0.00 0.00 0.00 0.00 0.00 2.42 2.42 47.95
806 B 6 cc 5 6 57.23 2464.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.28 3.35 50.74
806 B 6 cc 10 11 57.28 2467.66 0.00 0.00 0.00 0.05 0.00 0.00 0.00 1.80 4.91 54.66
806 B 7 1 25 26 57.57 2483.73 0.00 0.00 0.00 0.09 0.00 0.00 0.00 2.65 5.13 61.21
806 B 7 1 30 31 57.62 2486.39 0.06 0.00 0.00 0.03 0.06 0.06 0.00 3.87 8.54 59.47
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806 B 7 1 35 36 57.67 2488.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.87 7.15 65.48
806 B 7 1 40 41 57.72 2489.79 0.05 0.00 0.00 0.14 0.00 0.00 0.00 3.43 5.49 65.61
806 B 7 1 45 46 57.77 2491.15 0.00 0.00 0.00 0.00 0.00 0.05 0.05 2.78 3.81 64.62
806 B 7 1 50 51 57.82 2492.52 0.00 0.00 0.00 0.10 0.00 0.10 0.00 2.73 5.45 60.14
806 B 7 1 55 56 57.87 2493.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.77 2.21 56.45
806 B 7 1 60 61 57.92 2495.24 0.00 0.00 0.00 0.00 0.00 0.06 0.00 2.00 3.73 56.71
806 B 7 1 65 66 57.97 2496.61 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.01 4.64 53.79
806 B 7 1 70 71 58.02 2498.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.09 4.54 51.53
806 B 7 1 75 76 58.07 2499.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.86 4.89 52.71
806 B 7 1 80 81 58.12 2501.65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.88 4.39 51.00
806 B 7 1 85 86 58.17 2503.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.40 2.26 48.87
806 B 7 1 90 91 58.22 2506.39 0.00 0.00 0.00 0.08 0.00 0.00 0.00 2.86 2.69 55.05
806 B 7 1 95 96 58.27 2508.89 0.06 0.00 0.00 0.00 0.00 0.00 0.00 3.01 2.84 57.86
806 B 7 1 100 101 58.32 2511.39 0.07 0.00 0.07 0.00 0.00 0.14 0.00 2.55 3.42 59.24
806 B 7 1 105 106 58.37 2513.89 0.00 0.00 0.00 0.00 0.00 0.09 0.00 2.74 3.76 56.46
806 B 7 1 110 111 58.42 2516.40 0.12 0.00 0.06 0.06 0.00 0.00 0.00 3.40 3.57 60.03
806 B 7 1 115 116 58.47 2518.90 0.05 0.00 0.00 0.16 0.00 0.00 0.00 3.43 4.80 58.10
806 B 7 1 120 121 58.52 2521.35 0.00 0.00 0.08 0.12 0.00 0.04 0.04 4.01 11.19 55.43
806 B 7 1 125 126 58.57 2523.53 0.00 0.00 0.00 0.00 0.00 0.11 0.00 4.27 9.39 56.48
806 B 7 1 130 131 58.62 2525.66 0.00 0.00 0.00 0.00 0.00 0.06 0.00 4.04 10.40 59.32
806 B 7 1 135 136 58.67 2527.79 0.00 0.00 0.00 0.00 0.00 0.05 0.05 3.07 10.69 55.64
806 B 7 1 140 141 58.72 2529.92 0.10 0.00 0.00 0.00 0.00 0.14 0.00 3.26 9.95 55.63
806 B 7 1 145 146 58.77 2532.05 0.00 0.00 0.04 0.00 0.00 0.00 0.00 2.67 11.95 51.58
806 B 7 2 3 4 58.85 2533.62 0.00 0.00 0.00 0.00 0.00 0.00 0.04 3.10 8.46 55.01
806 B 7 2 5 6 58.87 2534.33 0.00 0.00 0.00 0.00 0.00 0.06 0.00 2.16 10.52 49.86
806 B 7 2 10 11 58.92 2536.11 0.10 0.00 0.00 0.00 0.00 0.10 0.00 3.46 8.57 51.28
806 B 7 2 15 16 58.97 2537.89 0.06 0.00 0.00 0.00 0.00 0.06 0.00 1.47 2.62 49.56
806 B 7 2 20 21 59.02 2539.67 0.06 0.00 0.00 0.00 0.00 0.06 0.06 1.93 4.16 47.70
806 B 7 2 25 26 59.07 2541.44 0.00 0.00 0.00 0.00 0.00 0.05 0.11 1.30 1.19 45.43
806 B 7 2 30 31 59.12 2543.22 0.06 0.00 0.00 0.00 0.00 0.00 0.00 2.73 1.97 45.72
806 B 7 2 35 36 59.17 2545.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 1.62 4.41 45.11
806 B 7 2 40 41 59.22 2546.78 0.08 0.00 0.00 0.00 0.00 0.08 0.00 1.77 1.45 40.62
806 B 7 2 45 46 59.27 2548.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.19 1.93 40.70
806 B 7 2 50 51 59.32 2550.00 0.04 0.00 0.00 0.00 0.00 0.00 0.04 2.06 0.81 42.12
806 B 7 2 55 56 59.37 2551.55 0.12 0.00 0.00 0.00 0.00 0.00 0.06 2.26 2.10 38.20
806 B 7 2 60 61 59.42 2553.07 0.13 0.00 0.00 0.00 0.00 0.00 0.07 1.08 1.35 39.17
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Table 2D: ODP Site 806 nannofossil assemblage data, MIS 95-101, Reticulofenestra 
pseudoumbilicus (large) to Umbilicosphaera rotula.
Sample Information Relative abundance (%)
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806 B 6 6 80 81 55.61 2405.20 0.00 0.52 0.00 0.08 0.24 0.00 0.16 0.36 0.08 0.00
806 B 6 6 85 86 55.66 2406.29 0.00 0.29 0.04 0.11 0.22 0.00 0.18 0.40 0.29 0.00
806 B 6 6 90 91 55.71 2407.39 0.00 0.21 0.00 0.03 0.24 0.00 0.03 0.40 0.00 0.09
806 B 6 6 95 96 55.76 2408.49 0.00 0.18 0.00 0.00 0.36 0.00 0.18 0.36 1.47 0.00
806 B 6 6 100 101 55.81 2409.65 0.00 0.29 0.00 0.00 0.29 0.00 0.00 0.64 0.17 0.00
806 B 6 6 105 106 55.86 2411.51 0.00 0.38 0.00 0.05 0.19 0.19 0.33 0.61 0.76 0.00
806 B 6 6 110 111 55.91 2413.62 0.00 0.32 0.00 0.06 0.32 0.13 0.32 0.77 0.45 0.00
806 B 6 6 115 116 55.96 2415.72 0.00 0.22 0.05 0.00 0.71 0.16 0.71 0.44 0.55 0.00
806 B 6 6 120 121 56.01 2417.83 0.00 0.24 0.00 0.00 0.29 0.24 0.81 0.29 0.61 0.00
806 B 6 6 125 126 56.06 2419.93 0.00 0.17 0.00 0.08 0.25 0.17 1.98 0.17 0.74 0.00
806 B 6 6 130 131 56.11 2422.04 0.00 0.18 0.00 0.05 0.23 0.23 1.85 0.09 1.72 0.00
806 B 6 6 135 136 56.16 2424.15 0.00 0.06 0.00 0.00 0.06 0.51 0.80 0.23 0.69 0.06
806 B 6 6 140 141 56.21 2426.25 0.00 0.06 0.00 0.06 0.25 0.37 0.49 0.12 2.15 0.06
806 B 6 6 145 146 56.26 2428.36 0.00 0.00 0.00 0.08 0.15 0.46 0.76 0.15 1.90 0.00
806 B 6 7 0 1 56.32 2430.88 0.00 0.41 0.00 0.00 0.32 0.08 0.49 0.00 0.81 0.08
806 B 6 7 5 6 56.37 2432.84 0.00 0.27 0.00 0.14 0.00 0.27 0.41 0.07 2.19 0.21
806 B 6 7 10 11 56.42 2434.77 0.00 1.01 0.00 0.40 0.00 0.71 0.81 0.30 2.12 0.40
806 B 6 7 15 16 56.47 2436.60 0.00 0.38 0.00 0.32 0.13 0.51 1.92 0.06 2.71 0.13
806 B 6 7 20 21 56.52 2438.40 0.00 0.84 0.00 0.08 0.50 0.50 1.01 0.00 0.34 0.00
806 B 6 7 25 26 56.57 2440.19 0.06 0.66 0.00 0.11 0.50 0.22 0.33 0.06 0.22 0.17
806 B 6 7 30 31 56.62 2441.99 0.00 0.43 0.00 0.07 0.35 0.35 0.21 0.07 0.21 0.28
806 B 6 7 35 36 56.67 2443.79 0.00 0.48 0.00 0.20 0.48 0.20 0.34 0.14 3.17 0.14
806 B 6 7 40 41 56.72 2445.59 0.00 0.33 0.00 0.07 0.41 0.33 0.19 0.00 0.04 0.11
806 B 6 7 45 46 56.76 2447.39 0.00 0.22 0.00 0.22 0.38 0.33 0.27 0.05 1.31 0.11
806 B 6 7 50 51 56.81 2449.19 0.00 0.20 0.00 0.07 0.34 0.68 0.34 0.14 0.14 0.00
806 B 6 7 55 56 56.86 2450.98 0.00 0.32 0.00 0.00 0.32 0.21 0.21 0.05 0.16 0.00
806 B 6 7 60 61 56.91 2452.78 0.00 0.26 0.00 0.00 0.29 0.12 0.21 0.00 0.15 0.06
806 B 6 7 65 66 56.96 2454.58 0.00 0.14 0.00 0.07 0.63 0.21 0.14 0.07 1.28 0.00
806 B 6 7 70 71 57.01 2456.38 0.00 0.28 0.00 0.12 0.32 0.20 0.16 0.04 0.16 0.04
806 B 6 7 75 76 57.06 2458.18 0.00 0.13 0.00 0.07 0.33 0.13 0.20 0.07 0.39 0.00
806 B 6 7 80 81 57.11 2459.98 0.00 0.00 0.00 0.13 0.48 0.09 0.00 0.04 0.04 0.04
806 B 6 7 85 86 57.16 2461.77 0.00 0.17 0.00 0.12 0.17 0.12 1.23 0.00 0.29 0.00
806 B 6 cc 0 1 57.18 2462.51 0.00 0.00 0.00 0.09 0.32 0.05 0.14 0.05 0.32 0.00
806 B 6 cc 5 6 57.23 2464.89 0.00 0.00 0.00 0.11 0.50 0.22 0.28 0.00 0.56 0.06
806 B 6 cc 10 11 57.28 2467.66 0.00 0.16 0.00 0.26 0.67 0.10 0.52 0.05 1.80 0.10
806 B 7 1 25 26 57.57 2483.73 0.00 0.09 0.00 0.19 0.47 0.19 0.19 0.09 0.57 0.00
806 B 7 1 30 31 57.62 2486.39 0.00 0.28 0.00 0.50 0.25 0.06 0.19 0.03 0.13 0.09
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806 B 7 1 35 36 57.67 2488.35 0.00 0.32 0.00 0.55 0.46 0.09 0.09 0.00 0.05 0.00
806 B 7 1 40 41 57.72 2489.79 0.00 0.32 0.00 0.95 0.18 0.00 0.27 0.00 0.00 0.09
806 B 7 1 45 46 57.77 2491.15 0.00 0.25 0.05 1.06 0.35 0.20 0.50 0.05 0.15 0.00
806 B 7 1 50 51 57.82 2492.52 0.00 0.36 0.00 0.21 0.21 0.10 0.05 0.05 0.31 0.00
806 B 7 1 55 56 57.87 2493.88 0.00 0.07 0.07 0.35 0.56 0.00 0.00 0.00 0.21 0.00
806 B 7 1 60 61 57.92 2495.24 0.00 0.13 0.00 0.56 0.69 0.00 0.13 0.00 0.13 0.00
806 B 7 1 65 66 57.97 2496.61 0.00 0.04 0.00 0.45 0.41 0.02 0.02 0.04 0.02 0.02
806 B 7 1 70 71 58.02 2498.02 0.00 0.07 0.00 0.66 0.85 0.07 0.18 0.04 0.07 0.07
806 B 7 1 75 76 58.07 2499.71 0.00 0.14 0.00 0.68 0.50 0.05 0.18 0.00 0.32 0.00
806 B 7 1 80 81 58.12 2501.65 0.00 0.05 0.00 0.40 0.45 0.03 0.21 0.00 0.16 0.00
806 B 7 1 85 86 58.17 2503.91 0.00 0.05 0.00 0.43 0.82 0.05 0.33 0.05 0.38 0.00
806 B 7 1 90 91 58.22 2506.39 0.00 0.17 0.00 0.17 0.42 0.08 0.17 0.00 0.68 0.08
806 B 7 1 95 96 58.27 2508.89 0.00 0.12 0.00 0.12 0.37 0.06 0.19 0.00 0.19 0.19
806 B 7 1 100 101 58.32 2511.39 0.00 0.28 0.07 0.35 0.35 0.00 0.28 0.07 0.48 0.00
806 B 7 1 105 106 58.37 2513.89 0.00 0.19 0.00 0.00 0.19 0.00 0.37 0.28 0.56 0.09
806 B 7 1 110 111 58.42 2516.40 0.00 0.00 0.00 0.00 0.50 0.06 0.12 0.00 0.62 0.50
806 B 7 1 115 116 58.47 2518.90 0.00 0.11 0.00 0.05 0.32 0.27 0.16 0.21 0.70 0.21
806 B 7 1 120 121 58.52 2521.35 0.00 0.19 0.00 0.19 0.27 0.08 0.04 0.00 0.19 0.62
806 B 7 1 125 126 58.57 2523.53 0.00 0.33 0.00 0.33 0.33 0.16 0.00 0.16 0.38 0.71
806 B 7 1 130 131 58.62 2525.66 0.00 0.18 0.00 0.25 0.00 0.00 0.06 0.25 0.37 0.74
806 B 7 1 135 136 58.67 2527.79 0.00 0.16 0.00 0.05 0.33 0.00 0.16 0.00 0.05 0.49
806 B 7 1 140 141 58.72 2529.92 0.00 0.24 0.00 0.10 0.31 0.00 0.10 0.07 0.17 0.44
806 B 7 1 145 146 58.77 2532.05 0.00 0.26 0.00 0.31 0.22 0.09 0.04 0.04 0.26 0.22
806 B 7 2 3 4 58.85 2533.62 0.00 0.38 0.00 0.38 0.21 0.00 0.13 0.00 0.17 0.17
806 B 7 2 5 6 58.87 2534.33 0.00 0.40 0.00 0.06 0.46 0.17 0.11 0.00 0.17 0.11
806 B 7 2 10 11 58.92 2536.11 0.00 0.26 0.00 0.31 0.21 0.16 0.10 0.00 0.05 0.05
806 B 7 2 15 16 58.97 2537.89 0.00 0.00 0.00 0.12 0.55 0.18 0.06 0.06 0.00 0.06
806 B 7 2 20 21 59.02 2539.67 0.00 0.19 0.00 0.38 0.82 0.38 0.19 0.13 0.13 0.13
806 B 7 2 25 26 59.07 2541.44 0.00 0.05 0.00 0.11 1.13 0.16 0.11 0.00 0.16 0.05
806 B 7 2 30 31 59.12 2543.22 0.00 0.06 0.00 0.11 1.15 0.06 0.11 0.06 0.00 0.06
806 B 7 2 35 36 59.17 2545.00 0.07 0.27 0.00 0.20 1.28 0.13 0.00 0.00 0.07 0.00
806 B 7 2 40 41 59.22 2546.78 0.00 0.08 0.00 0.08 2.77 0.16 0.08 0.24 0.32 0.08
806 B 7 2 45 46 59.27 2548.43 0.00 0.00 0.00 0.26 1.67 0.13 0.00 0.00 0.64 0.00
806 B 7 2 50 51 59.32 2550.00 0.00 0.09 0.00 0.09 1.32 0.00 0.09 0.04 0.34 0.04
806 B 7 2 55 56 59.37 2551.55 0.00 0.00 0.00 0.00 1.68 0.12 0.00 0.00 0.06 0.12
806 B 7 2 60 61 59.42 2553.07 0.00 0.07 0.00 0.34 1.42 0.13 0.13 0.13 0.34 0.27
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Table 3A:  ODP Site 662 nannofossil assemblage data, MIS 95-101, Calcidiscus leptoporus 
to Coccolithus pelagicus (medium).
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662 A 16 7 4-6 145.88 2403.87 7.94 0.08 0.08 0.00 0.40 0.00 0.24 0.08 0.24 0.08
662 A 16 7 13-15 145.97 2406.16 5.39 0.05 0.05 0.05 0.49 0.00 0.43 0.05 0.27 0.00
662 A 16 7 20-22 146.03 2407.71 6.00 0.05 0.05 0.00 0.05 0.00 0.30 0.05 0.46 0.05
662 A 16 7 34-36 146.18 2412.12 7.00 0.00 0.09 0.00 0.45 0.00 0.18 0.00 0.63 0.00
662 A 16 7 44-46 146.28 2415.30 7.62 0.07 0.00 0.11 0.66 0.00 0.51 0.15 0.88 0.00
662 A 17 1 4-6 146.71 2427.79 2.16 0.00 0.05 0.00 0.20 0.10 0.40 0.00 0.80 0.00
662 A 17 1 14-16 146.81 2429.57 3.95 0.00 0.08 0.00 1.37 0.00 0.00 0.00 0.46 0.00
662 A 17 1 24-26 146.91 2430.98 6.17 0.00 0.16 0.00 0.21 0.00 0.85 0.00 0.32 0.00
662 A 17 1 34-36 147.01 2432.21 7.11 0.00 0.09 0.00 0.17 0.00 0.70 0.09 0.26 0.09
662 A 17 1 44-46 147.11 2433.46 5.58 0.18 0.35 0.27 0.53 0.00 0.53 0.09 0.35 0.09
662 A 17 1 54-56 147.21 2434.81 5.61 0.11 0.33 0.00 0.00 0.11 0.11 0.11 0.44 0.00
662 A 17 1 64-66 147.31 2436.17 5.44 0.00 0.27 0.00 0.64 0.00 0.55 0.18 0.73 0.00
662 A 17 1 74-76 147.41 2437.52 2.47 0.13 0.22 0.19 0.06 0.00 0.19 0.06 0.44 0.00
662 A 17 1 84-86 147.51 2438.88 4.16 0.00 0.15 0.06 0.06 0.00 0.43 0.37 0.87 0.00
662 A 17 1 94-96 147.61 2440.24 5.50 0.00 0.22 0.00 0.00 0.00 0.07 0.07 0.14 0.07
662 A 17 1 104-106 147.71 2441.61 3.31 0.00 0.33 0.00 0.08 0.00 0.17 0.08 0.00 0.00
662 A 17 1 114-116 147.81 2442.97 4.39 0.08 0.15 0.08 0.00 0.00 0.38 0.08 0.30 0.00
662 A 17 1 124-126 147.91 2444.26 2.25 0.10 0.05 0.10 0.00 0.00 0.10 0.00 0.10 0.10
662 A 17 1 134-136 148.01 2445.50 2.30 0.18 0.28 0.18 0.00 0.00 0.18 0.09 0.28 0.00
662 A 17 1 144-146 148.11 2446.68 2.04 0.33 0.17 0.00 0.00 0.00 0.20 0.20 0.27 0.00
662 A 17 2 4-6 148.21 2447.81 2.09 0.00 0.05 0.10 0.00 0.00 0.90 0.10 0.30 0.10
662 A 17 2 14-16 148.31 2448.95 5.88 0.05 0.19 0.00 0.00 0.00 0.56 0.09 0.14 0.00
662 A 17 2 24-26 148.41 2450.30 2.71 0.00 0.00 0.00 0.00 0.00 0.33 0.43 0.43 0.00
662 A 17 2 34-36 148.51 2451.89 3.10 0.00 0.25 0.10 0.00 0.00 0.41 0.00 0.20 0.00
662 A 17 2 44-46 148.61 2453.62 2.28 0.08 0.04 0.31 0.00 0.00 0.31 0.00 0.39 0.15
662 A 17 2 54-56 148.71 2455.41 6.20 0.00 0.09 0.05 0.00 0.09 0.18 0.00 0.23 0.00
662 A 17 2 64-66 148.81 2457.29 3.12 0.13 0.06 0.26 0.13 0.26 0.52 0.00 0.13 0.00
662 A 17 2 74-76 148.91 2459.33 3.66 0.13 0.07 0.07 0.00 0.00 0.13 0.00 0.07 0.00
662 A 17 2 84-86 149.01 2461.51 3.88 0.07 0.07 0.07 0.00 0.00 0.14 0.00 0.29 0.00
662 A 17 2 94-96 149.11 2463.69 7.48 0.16 0.14 0.22 0.00 0.00 0.27 0.05 0.33 0.00
662 A 17 2 104-106 149.21 2465.86 5.49 0.17 0.20 0.00 0.00 0.00 0.07 0.00 0.03 0.00
662 A 17 2 114-116 149.31 2468.04 3.54 0.30 0.30 0.61 0.00 0.00 0.00 0.00 0.10 0.00
662 A 17 2 124-126 149.41 2470.22 4.07 0.06 0.06 0.06 0.00 0.00 0.17 0.06 0.06 0.00
662 A 17 2 134-136 149.51 2472.39 2.37 0.07 0.24 0.21 0.00 0.00 0.00 0.00 0.00 0.00
662 A 17 2 144-146 149.61 2474.57 5.47 0.00 0.06 0.18 0.00 0.00 0.06 0.06 0.00 0.00
662 A 17 3 4-6 149.71 2476.72 4.68 0.00 0.11 0.06 0.00 0.06 0.17 0.11 0.06 0.00
662 A 17 3 14-16 149.81 2478.83 3.85 0.00 0.14 0.00 0.00 0.00 0.07 0.07 0.21 0.00
662 A 17 3 24-26 149.91 2480.77 2.86 0.07 0.26 0.00 0.00 0.00 0.44 0.22 0.15 0.00
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662 A 17 3 34-36 150.01 2482.62 3.07 0.08 0.08 0.04 0.00 0.00 0.29 0.04 0.08 0.00
662 A 17 3 44-46 150.11 2484.35 4.44 0.16 0.14 0.11 0.00 0.00 0.54 0.49 0.54 0.05
662 A 17 3 54-56 150.21 2486.06 3.90 0.33 0.23 0.13 0.00 0.00 1.00 0.40 0.60 0.07
662 A 17 3 64-66 150.31 2487.77 3.56 0.05 0.18 0.16 0.00 0.00 0.31 0.21 0.31 0.00
662 A 17 3 74-76 150.41 2489.48 4.09 0.00 0.28 0.09 0.00 0.00 0.66 0.75 0.94 0.09
662 A 17 3 84-86 150.51 2491.19 4.75 0.18 0.22 0.09 0.00 0.00 0.75 0.57 1.10 0.18
662 A 17 3 94-96 150.61 2492.89 6.48 0.28 0.53 0.14 0.00 0.00 0.69 0.51 0.69 0.09
662 A 17 3 104-106 150.71 2494.59 3.23 0.27 0.14 0.14 0.00 0.07 0.07 0.00 0.47 0.00
662 A 17 3 114-116 150.81 2496.28 2.72 0.00 0.03 0.00 0.00 0.12 0.17 0.00 0.12 0.00
662 A 17 4 4-6 151.21 2504.85 2.12 0.21 0.00 0.07 0.00 0.07 0.00 0.00 0.21 0.07
662 A 17 4 14-16 151.31 2507.05 4.08 0.04 0.04 0.00 0.00 0.04 0.08 0.12 0.08 0.00
662 A 17 4 24-26 151.41 2509.27 4.34 0.04 0.12 0.00 0.00 0.00 0.04 0.08 0.31 0.00
662 A 17 4 34-36 151.51 2511.49 3.32 0.13 0.28 0.00 0.00 0.00 0.03 0.03 0.26 0.00
662 A 17 4 44-46 151.61 2513.91 4.34 0.17 0.13 0.00 0.00 0.00 0.35 0.17 0.35 0.00
662 A 17 4 54-56 151.71 2516.60 3.76 0.08 0.10 0.11 0.00 0.00 0.14 0.00 0.11 0.03
662 A 17 4 64-66 151.81 2519.34 2.10 0.05 0.32 0.09 0.00 0.00 0.32 0.09 0.18 0.05
662 A 17 4 74-76 151.91 2522.06 3.69 0.04 0.09 0.11 0.00 0.00 0.27 0.27 0.23 0.00
662 A 17 4 84-86 152.01 2524.72 2.29 0.00 0.19 0.11 0.00 0.00 0.00 0.11 0.17 0.00
662 A 17 4 94-96 152.11 2527.13 2.15 0.07 0.30 0.07 0.00 0.00 0.33 0.20 0.13 0.00
662 A 17 4 104-106 152.21 2529.39 3.79 0.00 0.20 0.00 0.00 0.00 0.29 0.23 0.12 0.00
662 A 17 4 114-116 152.31 2531.62 1.37 0.06 0.30 0.00 0.00 0.00 0.48 0.42 0.54 0.00
662 A 17 4 124-126 152.41 2533.85 1.95 0.29 0.49 0.00 0.00 0.00 0.63 0.29 0.52 0.00
662 A 17 4 134-136 152.51 2536.08 2.40 0.13 1.17 0.00 0.00 0.00 0.65 0.19 0.45 0.00
662 A 17 4 144-146 152.61 2538.30 2.36 0.11 0.27 0.00 0.00 0.00 0.49 0.00 0.82 0.05
662 A 17 5 4.5-6.5 152.71 2540.53 3.74 0.18 0.89 0.06 0.00 0.00 0.48 0.42 1.07 0.00
662 A 17 5 14-17 152.81 2542.74 4.30 0.00 0.17 0.00 0.00 0.00 0.39 0.28 0.73 0.00
662 A 17 5 24-26 152.91 2544.93 6.33 0.00 0.07 0.00 0.00 0.00 0.29 0.10 0.19 0.05
662 A 17 5 34-36 153.01 2547.11 4.99 0.04 0.17 0.00 0.00 0.00 0.13 0.08 0.08 0.00
662 A 17 5 44-46 153.11 2549.30 5.93 0.00 0.19 0.00 0.00 0.05 0.00 0.00 0.10 0.05
662 A 17 5 54-56 153.21 2551.48 2.95 0.10 0.12 0.00 0.00 0.07 0.00 0.00 0.03 0.00
662 A 17 5 64-66 153.31 2553.66 4.88 0.12 0.71 0.00 0.00 0.06 0.00 0.00 0.06 0.00
662 A 17 5 74-76 153.41 2555.85 4.06 0.15 0.43 0.00 0.00 0.05 0.00 0.00 0.10 0.00
662 A 17 5 84-86 153.51 2558.03 5.28 0.12 0.36 0.00 0.00 0.00 0.05 0.05 0.05 0.00
662 A 17 5 94-96 153.61 2560.05 2.97 0.27 0.38 0.00 0.00 0.00 0.14 0.07 0.14 0.00
662 A 17 5 104-106 153.71 2561.96 3.66 0.10 0.26 0.00 0.00 0.05 0.43 0.05 0.38 0.05
662 A 17 5 114-116 153.81 2563.85 1.57 0.16 0.51 0.00 0.00 0.00 0.05 0.00 0.21 0.00
662 A 17 5 124-126 153.91 2565.83 5.41 0.08 0.45 0.00 0.00 0.00 0.16 0.08 0.08 0.00
662 A 17 5 134-136 154.01 2567.88 3.64 0.00 0.33 0.00 0.00 0.00 0.04 0.00 0.13 0.00
662 A 17 5 144-146 154.11 2569.94 2.04 0.00 0.40 0.00 0.00 0.00 0.19 0.00 0.04 0.00
662 A 17 6 4-6 154.21 2572.00 2.26 0.05 0.37 0.00 0.00 0.00 0.16 0.00 0.21 0.00
662 A 17 6 14-16 154.31 2574.05 3.14 0.27 0.25 0.00 0.00 0.00 0.05 0.00 0.11 0.05
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Table 3B: ODP Site 662 nannofossil assemblage data, MIS 95-101, Discoaster assymetricus to 
Helicosphaera carteri.
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662 A 16 7 4-6 145.88 2403.87 0.00 0.08 0.00 0.00 0.00 0.24 0.40 22.85 0.24 1.83
662 A 16 7 13-15 145.97 2406.16 0.00 0.11 0.00 0.00 0.00 0.05 0.33 28.60 0.05 1.30
662 A 16 7 20-22 146.03 2407.71 0.00 0.20 0.00 0.00 0.00 0.00 0.10 24.69 0.00 1.37
662 A 16 7 34-36 146.18 2412.12 0.00 0.81 0.00 0.00 0.00 0.09 0.18 24.24 0.00 0.99
662 A 16 7 44-46 146.28 2415.30 0.00 0.44 0.00 0.00 0.00 0.07 0.29 25.52 0.00 1.54
662 A 17 1 4-6 146.71 2427.79 0.00 0.00 0.00 0.00 0.00 0.00 0.30 34.33 0.10 2.88
662 A 17 1 14-16 146.81 2429.57 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17.66 0.15 2.58
662 A 17 1 24-26 146.91 2430.98 0.00 0.11 0.00 0.00 0.00 0.11 0.00 15.68 0.32 2.12
662 A 17 1 34-36 147.01 2432.21 0.00 0.00 0.00 0.00 0.00 0.09 0.52 11.68 0.09 1.57
662 A 17 1 44-46 147.11 2433.46 0.00 0.09 0.00 0.00 0.00 0.00 0.09 10.92 0.18 2.03
662 A 17 1 54-56 147.21 2434.81 0.00 0.00 0.00 0.00 0.00 0.11 0.22 9.62 0.11 1.67
662 A 17 1 64-66 147.31 2436.17 0.00 0.00 0.00 0.00 0.00 0.00 0.09 9.87 0.00 1.47
662 A 17 1 74-76 147.41 2437.52 0.00 0.06 0.00 0.00 0.00 0.06 0.19 10.87 0.00 1.02
662 A 17 1 84-86 147.51 2438.88 0.00 0.00 0.00 0.00 0.00 0.00 0.25 7.45 0.19 1.55
662 A 17 1 94-96 147.61 2440.24 0.14 0.00 0.14 0.00 0.00 0.00 0.00 9.90 0.00 1.15
662 A 17 1 104-106 147.71 2441.61 0.00 0.08 0.00 0.00 0.00 0.08 0.08 9.61 0.00 0.83
662 A 17 1 114-116 147.81 2442.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.05 0.15 2.19
662 A 17 1 124-126 147.91 2444.26 0.00 0.10 0.00 0.00 0.00 0.00 0.19 8.59 0.29 1.25
662 A 17 1 134-136 148.01 2445.50 0.00 0.09 0.00 0.00 0.00 0.00 0.18 9.92 0.09 1.84
662 A 17 1 144-146 148.11 2446.68 0.00 0.80 0.00 0.00 0.00 0.00 0.47 14.14 0.13 0.80
662 A 17 2 4-6 148.21 2447.81 0.00 1.99 0.00 0.00 0.00 0.10 0.80 11.00 0.00 1.29
662 A 17 2 14-16 148.31 2448.95 0.00 0.33 0.19 0.05 0.00 0.09 0.19 9.36 0.00 1.31
662 A 17 2 24-26 148.41 2450.30 0.00 0.00 0.00 0.00 0.00 0.00 0.54 9.27 0.00 0.98
662 A 17 2 34-36 148.51 2451.89 0.00 0.10 0.00 0.00 0.00 0.00 0.30 7.41 0.00 1.83
662 A 17 2 44-46 148.61 2453.62 0.00 0.00 0.08 0.00 0.00 0.00 0.23 25.33 0.08 1.63
662 A 17 2 54-56 148.71 2455.41 0.00 1.05 0.00 0.00 0.05 0.14 0.36 22.76 0.00 2.41
662 A 17 2 64-66 148.81 2457.29 0.00 2.34 0.26 0.00 0.00 0.13 1.82 21.61 0.00 2.73
662 A 17 2 74-76 148.91 2459.33 0.00 1.85 0.00 0.00 0.00 0.53 1.65 27.38 0.00 1.12
662 A 17 2 84-86 149.01 2461.51 0.00 1.29 0.00 0.00 0.00 0.22 1.01 30.14 0.00 1.87
662 A 17 2 94-96 149.11 2463.69 0.00 1.14 0.05 0.00 0.00 0.22 0.38 30.10 0.00 3.14
662 A 17 2 104-106 149.21 2465.86 0.00 0.79 0.03 0.00 0.00 0.17 0.60 28.26 0.00 2.52
662 A 17 2 114-116 149.31 2468.04 0.00 2.65 0.10 0.00 0.00 0.40 1.01 33.78 0.00 4.24
662 A 17 2 124-126 149.41 2470.22 0.00 1.00 0.11 0.00 0.00 0.22 0.55 33.97 0.00 2.71
662 A 17 2 134-136 149.51 2472.39 0.00 0.84 0.14 0.00 0.00 0.00 0.70 36.13 0.00 1.60
662 A 17 2 144-146 149.61 2474.57 0.00 0.91 0.00 0.00 0.06 0.18 0.66 31.64 0.00 3.13
662 A 17 3 4-6 149.71 2476.72 0.00 0.39 0.11 0.00 0.00 0.00 0.50 29.74 0.00 4.07
662 A 17 3 14-16 149.81 2478.83 0.00 0.00 0.00 0.00 0.00 0.00 0.14 29.35 0.00 1.95
662 A 17 3 24-26 149.91 2480.77 0.00 0.59 0.00 0.00 0.00 0.00 0.66 23.14 0.00 3.31
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662 A 17 3 34-36 150.01 2482.62 0.00 0.08 0.00 0.00 0.00 0.00 0.08 21.31 0.00 1.60
662 A 17 3 44-46 150.11 2484.35 0.00 0.00 0.00 0.00 0.00 0.05 0.11 12.90 0.00 1.19
662 A 17 3 54-56 150.21 2486.06 0.00 0.00 0.00 0.00 0.00 0.00 0.07 7.12 0.00 1.20
662 A 17 3 64-66 150.31 2487.77 0.00 0.05 0.00 0.00 0.00 0.05 0.05 15.42 0.00 1.14
662 A 17 3 74-76 150.41 2489.48 0.00 0.00 0.00 0.00 0.00 0.09 0.00 14.32 0.00 1.88
662 A 17 3 84-86 150.51 2491.19 0.00 0.00 0.00 0.00 0.00 0.00 0.04 10.76 0.00 0.70
662 A 17 3 94-96 150.61 2492.89 0.00 0.09 0.00 0.00 0.00 0.00 0.14 21.31 0.00 1.66
662 A 17 3 104-106 150.71 2494.59 0.00 0.07 0.00 0.00 0.00 0.00 0.14 28.64 0.00 1.55
662 A 17 3 114-116 150.81 2496.28 0.00 0.06 0.00 0.00 0.00 0.00 0.23 33.80 0.00 1.85
662 A 17 4 4-6 151.21 2504.85 0.00 1.25 0.07 0.00 0.00 0.00 0.83 31.79 0.00 2.41
662 A 17 4 14-16 151.31 2507.05 0.00 0.73 0.24 0.00 0.00 0.08 0.24 33.62 0.00 2.66
662 A 17 4 24-26 151.41 2509.27 0.00 0.16 0.12 0.00 0.00 0.04 0.16 28.93 0.00 1.84
662 A 17 4 34-36 151.51 2511.49 0.00 0.20 0.23 0.00 0.00 0.00 0.33 27.92 0.00 2.47
662 A 17 4 44-46 151.61 2513.91 0.00 0.09 0.26 0.00 0.00 0.00 0.17 21.49 0.00 1.64
662 A 17 4 54-56 151.71 2516.60 0.00 0.00 0.14 0.00 0.00 0.00 0.11 22.73 0.00 0.51
662 A 17 4 64-66 151.81 2519.34 0.00 0.05 0.18 0.00 0.00 0.00 0.18 23.99 0.00 0.87
662 A 17 4 74-76 151.91 2522.06 0.00 0.00 0.15 0.00 0.00 0.08 0.08 19.70 0.00 0.76
662 A 17 4 84-86 152.01 2524.72 0.00 0.00 0.06 0.00 0.00 0.00 0.28 23.15 0.00 0.88
662 A 17 4 94-96 152.11 2527.13 0.00 0.20 0.00 0.00 0.00 0.00 0.07 21.61 0.00 1.13
662 A 17 4 104-106 152.21 2529.39 0.06 0.00 0.00 0.00 0.00 0.06 0.00 18.87 0.00 1.51
662 A 17 4 114-116 152.31 2531.62 0.00 0.06 0.00 0.00 0.00 0.06 0.06 15.65 0.06 0.59
662 A 17 4 124-126 152.41 2533.85 0.00 0.06 0.00 0.00 0.00 0.00 0.17 12.70 0.00 0.69
662 A 17 4 134-136 152.51 2536.08 0.00 0.00 0.39 0.00 0.00 0.00 0.19 16.58 0.00 1.43
662 A 17 4 144-146 152.61 2538.30 0.00 0.05 0.05 0.00 0.00 0.00 0.22 16.52 0.00 0.66
662 A 17 5 4.5-6.5 152.71 2540.53 0.00 0.06 0.12 0.00 0.00 0.12 0.06 17.86 0.00 1.07
662 A 17 5 14-17 152.81 2542.74 0.00 0.11 0.00 0.00 0.00 0.06 0.11 21.75 0.00 1.63
662 A 17 5 24-26 152.91 2544.93 0.00 0.24 0.14 0.00 0.00 0.00 0.29 27.56 0.00 1.43
662 A 17 5 34-36 153.01 2547.11 0.00 0.92 0.17 0.00 0.00 0.17 0.34 25.96 0.00 2.14
662 A 17 5 44-46 153.11 2549.30 0.00 0.91 0.19 0.00 0.00 0.00 0.53 29.81 0.00 1.62
662 A 17 5 54-56 153.21 2551.48 0.00 0.46 0.03 0.00 0.00 0.10 0.33 30.49 0.00 1.49
662 A 17 5 64-66 153.31 2553.66 0.00 1.23 0.24 0.00 0.00 0.06 0.65 29.65 0.00 4.11
662 A 17 5 74-76 153.41 2555.85 0.00 0.30 0.10 0.00 0.00 0.00 0.35 30.25 0.00 1.96
662 A 17 5 84-86 153.51 2558.03 0.00 0.46 0.00 0.00 0.00 0.05 0.32 25.66 0.00 2.37
662 A 17 5 94-96 153.61 2560.05 0.00 0.00 0.00 0.00 0.00 0.00 0.14 26.37 0.00 1.02
662 A 17 5 104-106 153.71 2561.96 0.00 0.00 0.05 0.00 0.00 0.05 0.14 27.39 0.00 1.92
662 A 17 5 114-116 153.81 2563.85 0.00 0.05 0.00 0.00 0.00 0.11 0.27 32.71 0.00 2.31
662 A 17 5 124-126 153.91 2565.83 0.00 0.00 0.00 0.00 0.00 0.24 0.41 26.55 0.00 1.47
662 A 17 5 134-136 154.01 2567.88 0.00 0.00 0.04 0.00 0.00 0.04 0.31 32.58 0.00 1.61
662 A 17 5 144-146 154.11 2569.94 0.00 0.11 0.08 0.00 0.00 0.04 0.19 29.02 0.00 0.95
662 A 17 6 4-6 154.21 2572.00 0.00 0.21 0.26 0.00 0.00 0.00 0.32 30.06 0.00 1.10
662 A 17 6 14-16 154.31 2574.05 0.00 0.38 0.05 0.00 0.00 0.05 0.60 25.67 0.00 0.82
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Table 3C: ODP Site 662 nannofossil assemblage data, MIS 95-101, Helicosphaera carteri 
var. wallichii to Reticulofenestra pseudoumbilicus (large).
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662 A 16 7 4-6 145.88 2403.87 0.00 0.72 0.00 0.08 0.00 0.00 1.19 12.58 46.85 0.00
662 A 16 7 13-15 145.97 2406.16 0.27 0.60 0.22 0.00 0.00 0.00 3.53 7.61 47.54 0.00
662 A 16 7 20-22 146.03 2407.71 0.10 0.56 0.30 0.00 0.05 0.00 2.65 13.58 46.56 0.00
662 A 16 7 34-36 146.18 2412.12 0.09 0.09 0.00 0.09 0.09 0.09 2.08 15.17 43.74 0.00
662 A 16 7 44-46 146.28 2415.30 0.07 0.00 0.00 0.00 0.00 0.07 2.77 15.63 40.16 0.00
662 A 17 1 4-6 146.71 2427.79 0.00 0.00 0.10 0.00 0.00 0.00 2.91 8.64 43.41 0.00
662 A 17 1 14-16 146.81 2429.57 0.00 0.15 0.00 0.15 0.00 0.00 3.38 10.91 51.43 0.00
662 A 17 1 24-26 146.91 2430.98 0.21 0.11 0.11 0.00 0.00 0.11 2.76 15.68 50.64 0.00
662 A 17 1 34-36 147.01 2432.21 0.00 1.31 0.44 0.00 0.00 0.00 3.61 18.26 49.68 0.00
662 A 17 1 44-46 147.11 2433.46 0.09 0.35 0.18 0.00 0.00 0.00 3.88 19.90 49.27 0.00
662 A 17 1 54-56 147.21 2434.81 0.11 0.44 0.00 0.00 0.00 0.00 4.53 22.07 49.50 0.00
662 A 17 1 64-66 147.31 2436.17 0.27 0.64 0.18 0.09 0.00 0.00 4.30 22.28 46.84 0.00
662 A 17 1 74-76 147.41 2437.52 0.25 0.38 0.38 0.06 0.00 0.00 4.80 28.07 48.04 0.00
662 A 17 1 84-86 147.51 2438.88 0.19 0.68 0.19 0.12 0.00 0.00 3.50 23.22 51.04 0.00
662 A 17 1 94-96 147.61 2440.24 0.36 1.72 0.36 0.07 0.00 0.00 4.18 21.12 46.64 0.07
662 A 17 1 104-106 147.71 2441.61 0.08 0.66 0.25 0.25 0.08 0.00 4.69 19.93 53.46 0.00
662 A 17 1 114-116 147.81 2442.97 0.30 1.51 0.00 0.08 0.00 0.00 3.41 24.63 50.00 0.00
662 A 17 1 124-126 147.91 2444.26 0.29 0.29 0.10 0.10 0.00 0.00 2.40 27.64 51.10 0.00
662 A 17 1 134-136 148.01 2445.50 0.28 0.37 0.00 0.00 0.00 0.00 4.11 19.59 55.62 0.00
662 A 17 1 144-146 148.11 2446.68 0.13 0.60 0.13 0.07 0.00 0.00 3.86 17.99 51.16 0.00
662 A 17 2 4-6 148.21 2447.81 0.00 0.40 0.20 0.00 0.00 0.00 4.35 17.41 53.15 0.00
662 A 17 2 14-16 148.31 2448.95 0.33 0.33 0.14 0.14 0.00 0.00 5.28 20.89 44.90 0.00
662 A 17 2 24-26 148.41 2450.30 0.22 0.11 0.43 0.11 0.00 0.00 3.41 24.63 50.98 0.00
662 A 17 2 34-36 148.51 2451.89 0.10 0.10 0.41 0.10 0.00 0.00 2.92 26.26 49.61 0.00
662 A 17 2 44-46 148.61 2453.62 0.23 0.23 0.08 0.08 0.00 0.00 2.86 19.16 44.05 0.00
662 A 17 2 54-56 148.71 2455.41 0.23 0.27 0.32 0.05 0.00 0.00 2.59 16.84 41.44 0.00
662 A 17 2 64-66 148.81 2457.29 0.13 0.52 0.39 0.00 0.00 0.00 3.17 15.26 43.01 0.00
662 A 17 2 74-76 148.91 2459.33 0.07 0.46 0.20 0.00 0.00 0.00 2.27 13.95 43.42 0.00
662 A 17 2 84-86 149.01 2461.51 0.00 0.07 0.36 0.07 0.00 0.00 2.35 10.29 43.14 0.00
662 A 17 2 94-96 149.11 2463.69 0.00 0.43 0.49 0.05 0.00 0.00 2.95 7.57 40.81 0.00
662 A 17 2 104-106 149.21 2465.86 0.13 0.20 0.56 0.07 0.00 0.00 3.06 11.34 42.66 0.00
662 A 17 2 114-116 149.31 2468.04 0.71 0.71 0.91 0.10 0.00 0.00 2.30 5.31 36.78 0.00
662 A 17 2 124-126 149.41 2470.22 0.28 0.28 0.44 0.00 0.00 0.00 4.34 6.50 39.75 0.00
662 A 17 2 134-136 149.51 2472.39 0.28 0.28 0.14 0.00 0.00 0.00 2.76 8.29 41.11 0.00
662 A 17 2 144-146 149.61 2474.57 0.24 0.30 0.30 0.24 0.00 0.00 3.32 9.38 38.67 0.00
662 A 17 3 4-6 149.71 2476.72 0.50 0.39 0.61 0.11 0.00 0.00 2.65 9.37 38.90 0.00
662 A 17 3 14-16 149.81 2478.83 0.21 0.14 0.21 0.21 0.00 0.00 2.83 13.97 39.47 0.00
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662 A 17 3 24-26 149.91 2480.77 0.15 0.15 0.07 0.15 0.00 0.00 3.54 12.04 45.34 0.00
662 A 17 3 34-36 150.01 2482.62 0.25 0.53 0.16 0.04 0.00 0.00 3.69 12.30 47.95 0.04
662 A 17 3 44-46 150.11 2484.35 0.33 0.92 0.38 0.11 0.00 0.00 4.02 16.07 53.70 0.11
662 A 17 3 54-56 150.21 2486.06 0.20 1.00 0.13 0.20 0.00 0.00 4.24 14.92 60.34 0.00
662 A 17 3 64-66 150.31 2487.77 0.31 0.62 0.21 0.10 0.00 0.00 2.84 11.16 59.43 0.00
662 A 17 3 74-76 150.41 2489.48 0.28 0.19 0.19 0.00 0.00 0.00 3.85 14.10 54.70 0.00
662 A 17 3 84-86 150.51 2491.19 0.09 0.44 0.00 0.09 0.00 0.00 3.41 16.32 58.83 0.00
662 A 17 3 94-96 150.61 2492.89 0.60 0.09 0.05 0.00 0.00 0.00 3.92 13.81 47.23 0.05
662 A 17 3 104-106 150.71 2494.59 0.68 0.07 0.14 0.14 0.00 0.00 3.64 10.93 47.68 0.00
662 A 17 3 114-116 150.81 2496.28 0.35 0.17 0.17 0.06 0.00 0.00 1.15 11.08 43.94 0.00
662 A 17 4 4-6 151.21 2504.85 0.14 0.28 0.07 0.00 0.00 0.00 3.82 12.88 38.03 0.00
662 A 17 4 14-16 151.31 2507.05 0.04 0.20 0.20 0.12 0.08 0.00 3.61 11.02 35.90 0.00
662 A 17 4 24-26 151.41 2509.27 0.31 0.20 0.12 0.04 0.04 0.00 4.55 11.98 41.94 0.00
662 A 17 4 34-36 151.51 2511.49 0.50 0.20 0.10 0.00 0.10 0.00 4.75 7.98 47.29 0.00
662 A 17 4 44-46 151.61 2513.91 0.17 0.35 0.17 0.00 0.00 0.00 3.89 11.20 48.91 0.09
662 A 17 4 54-56 151.71 2516.60 0.03 0.20 0.03 0.03 0.03 0.00 4.55 12.41 52.27 0.00
662 A 17 4 64-66 151.81 2519.34 0.18 0.32 0.09 0.05 0.05 0.00 2.01 11.58 53.02 0.00
662 A 17 4 74-76 151.91 2522.06 0.11 0.57 0.08 0.00 0.04 0.04 3.28 14.94 50.41 0.00
662 A 17 4 84-86 152.01 2524.72 0.17 1.05 0.00 0.00 0.00 0.00 3.38 14.25 49.69 0.00
662 A 17 4 94-96 152.11 2527.13 0.33 1.46 0.07 0.00 0.00 0.00 4.13 10.81 52.65 0.07
662 A 17 4 104-106 152.21 2529.39 0.35 1.45 0.00 0.00 0.00 0.00 4.51 14.15 50.87 0.00
662 A 17 4 114-116 152.31 2531.62 0.24 1.37 0.00 0.06 0.00 0.00 3.91 15.86 57.26 0.00
662 A 17 4 124-126 152.41 2533.85 0.11 1.84 0.06 0.00 0.00 0.00 3.22 17.53 58.14 0.00
662 A 17 4 134-136 152.51 2536.08 0.19 3.08 0.06 0.00 0.00 0.00 2.56 16.41 51.45 0.00
662 A 17 4 144-146 152.61 2538.30 0.16 2.69 0.11 0.00 0.00 0.00 3.59 13.82 56.73 0.05
662 A 17 5 4.5-6.5 152.71 2540.53 0.30 2.26 0.00 0.00 0.00 0.00 5.61 15.99 48.60 0.00
662 A 17 5 14-17 152.81 2542.74 0.17 2.63 0.11 0.00 0.00 0.00 3.86 13.86 47.02 0.00
662 A 17 5 24-26 152.91 2544.93 0.29 1.57 0.52 0.10 0.00 0.00 4.33 12.48 41.25 0.00
662 A 17 5 34-36 153.01 2547.11 0.17 1.47 0.17 0.04 0.00 0.00 4.42 12.41 43.37 0.00
662 A 17 5 44-46 153.11 2549.30 0.19 0.86 0.00 0.19 0.00 0.00 3.52 12.22 40.93 0.00
662 A 17 5 54-56 153.21 2551.48 0.10 0.53 0.30 0.00 0.00 0.00 3.39 12.22 45.07 0.00
662 A 17 5 64-66 153.31 2553.66 0.18 0.71 0.18 0.00 0.00 0.00 4.28 10.11 38.73 0.00
662 A 17 5 74-76 153.41 2555.85 0.20 0.60 0.20 0.10 0.00 0.00 3.02 10.78 43.10 0.00
662 A 17 5 84-86 153.51 2558.03 0.12 0.51 0.19 0.15 0.00 0.00 3.28 10.74 46.22 0.00
662 A 17 5 94-96 153.61 2560.05 0.00 0.55 0.34 0.20 0.00 0.00 2.69 15.21 46.78 0.00
662 A 17 5 104-106 153.71 2561.96 0.00 0.58 0.24 0.43 0.00 0.00 2.06 14.26 45.59 0.00
662 A 17 5 114-116 153.81 2563.85 0.00 0.27 0.21 0.11 0.00 0.00 3.20 10.13 45.16 0.00
662 A 17 5 124-126 153.91 2565.83 0.08 0.41 0.00 0.00 0.00 0.00 4.37 11.88 44.89 0.00
662 A 17 5 134-136 154.01 2567.88 0.04 0.31 0.36 0.04 0.00 0.00 2.18 12.92 42.58 0.00
662 A 17 5 144-146 154.11 2569.94 0.00 0.26 0.15 0.04 0.00 0.00 3.50 13.11 46.68 0.00
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662 A 17 6 4-6 154.21 2572.00 0.05 0.21 0.05 0.16 0.00 0.00 2.90 11.27 46.63 0.00
662 A 17 6 14-16 154.31 2574.05 0.05 0.66 0.11 0.27 0.00 0.00 2.66 11.03 50.95 0.00
Table 3D: ODP Site 662 nannofossil assemblage data, MIS 95-101, Reticulofenestra 
pseudoumbilicus (medium) to Siliceous fragments.
Sample Information
Si
te
H
ol
e
C
or
e
Se
ct
io
n
In
te
rv
al
 (c
m
)
R
M
C
D
 (m
)
A
ge
 (k
a)
 [B
olt
on
 et
 al
., 2
01
0b
]
Rh
ab
do
sp
ha
era
 sp
p.
Sc
yp
ho
sp
ha
era
 sp
p.
Sy
ra
co
sp
ha
era
 pu
lch
ra
Th
or
ac
osp
ha
era
 sp
p.
Te
tra
lit
ho
id
es 
sp
p.
Um
bi
lic
osp
ha
era
 si
bo
ga
e v
. s
ib
og
ae
Um
bi
lic
osp
ha
era
 si
bo
ga
e v
. fo
lio
sa
Um
bi
lic
osp
ha
era
 ja
far
i
Um
bi
lic
osp
ha
era
 ro
tu
la
Si
lic
eo
us
 fr
ag
m
en
ts
 p
er
 co
cc
ol
ith
662 A 16 7 4-6 145.88 2403.87 0.00 0.00 1.19 0.32 0.00 0.64 0.16 0.00 0.24 0.04
662 A 16 7 13-15 145.97 2406.16 0.05 0.05 0.76 0.16 0.00 0.65 0.22 0.11 0.05 0.01
662 A 16 7 20-22 146.03 2407.71 0.00 0.00 1.16 0.15 0.00 0.46 0.00 0.51 0.00 0.01
662 A 16 7 34-36 146.18 2412.12 0.00 0.00 2.17 0.27 0.00 0.45 0.00 0.45 0.00 0.02
662 A 16 7 44-46 146.28 2415.30 0.00 0.00 1.10 0.22 0.00 0.59 0.00 0.73 0.07 0.03
662 A 17 1 4-6 146.71 2427.79 0.00 0.00 0.20 0.10 0.00 1.71 0.00 0.20 0.00 0.03
662 A 17 1 14-16 146.81 2429.57 0.15 0.00 0.91 0.46 0.00 2.43 0.15 1.82 0.61 0.05
662 A 17 1 24-26 146.91 2430.98 0.11 0.00 1.59 0.11 0.00 0.64 0.00 0.85 0.00 0.04
662 A 17 1 34-36 147.01 2432.21 0.00 0.00 1.31 0.17 0.00 1.39 0.00 0.70 0.00 0.05
662 A 17 1 44-46 147.11 2433.46 0.00 0.00 2.30 0.27 0.00 0.80 0.00 0.88 0.00 0.06
662 A 17 1 54-56 147.21 2434.81 0.11 0.00 1.56 0.11 0.00 0.11 0.33 1.56 0.00 0.10
662 A 17 1 64-66 147.31 2436.17 0.09 0.00 0.82 0.27 0.00 1.19 0.18 2.47 0.00 0.09
662 A 17 1 74-76 147.41 2437.52 0.00 0.00 0.76 0.06 0.00 0.00 0.06 0.76 0.06 0.13
662 A 17 1 84-86 147.51 2438.88 0.06 0.00 0.93 0.12 0.00 0.00 0.12 3.72 0.00 0.16
662 A 17 1 94-96 147.61 2440.24 0.00 0.00 1.29 0.14 0.00 1.44 0.00 4.18 0.22 0.10
662 A 17 1 104-106 147.71 2441.61 0.00 0.00 0.99 0.00 0.00 0.58 0.17 3.28 0.17 0.11
662 A 17 1 114-116 147.81 2442.97 0.00 0.00 0.98 0.08 0.00 0.98 0.00 1.36 0.00 0.10
662 A 17 1 124-126 147.91 2444.26 0.00 0.00 1.15 0.10 0.00 0.67 0.00 2.21 0.10 0.06
662 A 17 1 134-136 148.01 2445.50 0.00 0.00 1.47 0.09 0.00 0.55 0.00 1.66 0.18 0.10
662 A 17 1 144-146 148.11 2446.68 0.00 0.00 0.94 0.07 0.00 0.40 0.13 4.63 0.00 0.11
662 A 17 2 4-6 148.21 2447.81 0.00 0.00 1.29 0.00 0.00 1.19 0.00 2.59 0.00 0.11
662 A 17 2 14-16 148.31 2448.95 0.00 0.00 0.51 0.05 0.05 6.96 0.56 0.98 0.00 0.26
662 A 17 2 24-26 148.41 2450.30 0.00 0.00 0.76 0.11 0.00 2.06 0.00 1.63 0.00 0.20
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662 A 17 2 34-36 148.51 2451.89 0.00 0.00 0.61 0.20 0.00 1.93 0.41 3.14 0.00 0.17
662 A 17 2 44-46 148.61 2453.62 0.00 0.00 0.39 0.00 0.00 0.31 0.00 1.08 0.00 0.06
662 A 17 2 54-56 148.71 2455.41 0.00 0.00 0.95 0.18 0.00 0.32 0.27 2.41 0.00 0.04
662 A 17 2 64-66 148.81 2457.29 0.00 0.00 1.82 0.26 0.00 0.13 0.13 1.04 0.13 0.05
662 A 17 2 74-76 148.91 2459.33 0.07 0.00 1.52 0.40 0.00 0.07 0.00 0.66 0.00 0.03
662 A 17 2 84-86 149.01 2461.51 0.00 0.00 1.94 0.43 0.00 0.36 0.00 1.80 0.07 0.03
662 A 17 2 94-96 149.11 2463.69 0.05 0.00 1.73 0.65 0.00 0.11 0.11 0.98 0.00 0.04
662 A 17 2 104-106 149.21 2465.86 0.10 0.00 2.52 0.53 0.00 0.00 0.00 0.43 0.00 0.05
662 A 17 2 114-116 149.31 2468.04 0.20 0.00 4.04 0.61 0.00 0.10 0.10 1.11 0.00 0.05
662 A 17 2 124-126 149.41 2470.22 0.17 0.00 3.07 0.78 0.00 0.11 0.06 1.05 0.06 0.03
662 A 17 2 134-136 149.51 2472.39 0.00 0.00 2.40 0.49 0.00 0.49 0.00 1.39 0.00 0.05
662 A 17 2 144-146 149.61 2474.57 0.00 0.00 2.84 0.85 0.00 0.24 0.06 0.73 0.06 0.02
662 A 17 3 4-6 149.71 2476.72 0.00 0.00 4.07 0.83 0.00 0.28 0.00 1.88 0.06 0.05
662 A 17 3 14-16 149.81 2478.83 0.07 0.00 2.09 0.76 0.00 0.14 0.00 3.64 0.07 0.05
662 A 17 3 24-26 149.91 2480.77 0.00 0.00 1.17 0.29 0.00 0.29 0.29 4.25 0.07 0.11
662 A 17 3 34-36 150.01 2482.62 0.08 0.00 0.49 0.12 0.00 1.84 0.66 4.51 0.08 0.16
662 A 17 3 44-46 150.11 2484.35 0.00 0.00 0.33 0.05 0.00 0.05 0.00 1.74 0.05 0.12
662 A 17 3 54-56 150.21 2486.06 0.00 0.00 0.53 0.13 0.00 0.07 0.13 1.33 0.07 0.17
662 A 17 3 64-66 150.31 2487.77 0.00 0.00 0.52 0.10 0.00 0.00 0.00 2.43 0.05 0.13
662 A 17 3 74-76 150.41 2489.48 0.09 0.00 0.56 0.00 0.00 0.19 0.00 1.60 0.00 0.19
662 A 17 3 84-86 150.51 2491.19 0.00 0.00 0.26 0.04 0.00 0.09 0.04 0.57 0.00 0.17
662 A 17 3 94-96 150.61 2492.89 0.00 0.00 0.51 0.05 0.00 0.09 0.05 0.78 0.00 0.11
662 A 17 3 104-106 150.71 2494.59 0.00 0.00 0.95 0.07 0.00 0.34 0.07 0.34 0.00 0.10
662 A 17 3 114-116 150.81 2496.28 0.06 0.00 2.25 0.12 0.00 0.23 0.00 1.04 0.00 0.04
662 A 17 4 4-6 151.21 2504.85 0.07 0.00 1.46 1.04 0.00 0.21 0.07 2.62 0.07 0.02
662 A 17 4 14-16 151.31 2507.05 0.04 0.00 1.75 0.28 0.00 0.28 0.12 3.80 0.04 0.04
662 A 17 4 24-26 151.41 2509.27 0.04 0.00 0.90 0.31 0.00 0.12 0.04 3.10 0.00 0.05
662 A 17 4 34-36 151.51 2511.49 0.00 0.00 0.36 0.10 0.00 0.56 0.10 2.28 0.00 0.04
662 A 17 4 44-46 151.61 2513.91 0.00 0.00 0.78 0.26 0.00 1.56 0.09 1.90 0.00 0.08
662 A 17 4 54-56 151.71 2516.60 0.00 0.00 0.68 0.03 0.03 0.48 0.08 1.05 0.06 0.08
662 A 17 4 64-66 151.81 2519.34 0.09 0.00 0.41 0.09 0.00 1.01 0.05 2.35 0.05 0.08
662 A 17 4 74-76 151.91 2522.06 0.00 0.00 0.76 0.08 0.04 0.91 0.19 2.63 0.23 0.09
662 A 17 4 84-86 152.01 2524.72 0.06 0.00 0.72 0.06 0.00 0.66 0.11 2.09 0.06 0.10
662 A 17 4 94-96 152.11 2527.13 0.00 0.00 0.99 0.07 0.00 1.06 0.20 1.33 0.27 0.10
662 A 17 4 104-106 152.21 2529.39 0.00 0.00 0.52 0.00 0.00 0.64 0.00 1.74 0.12 0.13
662 A 17 4 114-116 152.31 2531.62 0.00 0.00 0.42 0.00 0.00 0.12 0.00 0.95 0.06 0.13
662 A 17 4 124-126 152.41 2533.85 0.00 0.00 0.29 0.00 0.00 0.06 0.00 0.86 0.06 0.13
662 A 17 4 134-136 152.51 2536.08 0.00 0.00 0.58 0.00 0.00 0.32 0.06 0.97 0.06 0.15
662 A 17 4 144-146 152.61 2538.30 0.05 0.00 0.22 0.00 0.00 0.38 0.11 0.33 0.00 0.13
662 A 17 5 4.5-6.5 152.71 2540.53 0.00 0.00 0.18 0.00 0.00 0.24 0.00 0.48 0.00 0.09
662 A 17 5 14-17 152.81 2542.74 0.00 0.00 0.67 0.06 0.00 0.84 0.11 0.84 0.11 0.08
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662 A 17 5 24-26 152.91 2544.93 0.05 0.00 0.90 0.00 0.00 0.43 0.05 1.19 0.05 0.04
662 A 17 5 34-36 153.01 2547.11 0.08 0.00 1.34 0.00 0.00 0.25 0.08 0.84 0.00 0.05
662 A 17 5 44-46 153.11 2549.30 0.00 0.00 1.00 0.10 0.00 0.38 0.00 1.05 0.00 0.04
662 A 17 5 54-56 153.21 2551.48 0.00 0.00 1.06 0.10 0.03 0.33 0.03 0.46 0.03 0.03
662 A 17 5 64-66 153.31 2553.66 0.00 0.00 2.29 0.35 0.00 0.35 0.00 0.82 0.18 0.04
662 A 17 5 74-76 153.41 2555.85 0.00 0.00 1.51 0.20 0.00 0.20 0.00 2.08 0.05 0.05
662 A 17 5 84-86 153.51 2558.03 0.00 0.00 2.55 0.22 0.00 0.17 0.05 0.90 0.05 0.03
662 A 17 5 94-96 153.61 2560.05 0.00 0.00 0.89 0.07 0.00 0.14 0.00 1.50 0.00 0.03
662 A 17 5 104-106 153.71 2561.96 0.00 0.00 1.25 0.10 0.00 0.05 0.00 0.72 0.00 0.03
662 A 17 5 114-116 153.81 2563.85 0.00 0.00 1.38 0.16 0.00 0.05 0.05 1.17 0.05 0.03
662 A 17 5 124-126 153.91 2565.83 0.00 0.00 1.96 0.24 0.00 0.16 0.00 0.90 0.00 0.03
662 A 17 5 134-136 154.01 2567.88 0.04 0.00 1.43 0.13 0.00 0.31 0.00 0.80 0.04 0.02
662 A 17 5 144-146 154.11 2569.94 0.00 0.00 0.79 0.08 0.00 0.08 0.00 1.92 0.15 0.03
662 A 17 6 4-6 154.21 2572.00 0.05 0.00 1.47 0.26 0.00 0.16 0.00 1.58 0.05 0.03
662 A 17 6 14-16 154.31 2574.05 0.00 0.00 1.48 0.22 0.00 0.05 0.05 0.93 0.00 0.03
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846
Si
te
H
ol
e
C
or
e
Se
ct
io
n
In
te
rv
al
 (c
m
)
R
M
C
D
 (m
)
A
ge
 [B
olt
on
 et
 al
., 2
01
0b
]
C
oc
co
lit
hs
/g
ra
m
 d
ry
 se
di
m
en
t
C
oc
co
lit
h 
flu
x (
co
cc
ol
ith
s/
cm
2/
ky
)
Si
lic
eo
us
 fr
ag
m
en
ts
/g
ra
m
 d
ry
 se
di
m
en
t
Si
lic
eo
us
 fl
ux
 (f
ra
gm
en
ts
/c
m
2/
ky
)
846 D 9 3 103-104 92.23 2410.24 2.13E+10 5.26E+10 5.45E+09 1.34E+10
846 D 9 4 3-4 92.73 2420.08 1.41E+10 4.34E+10 4.59E+09 1.41E+10
846 D 9 4 23-24 92.93 2426.88 1.72E+10 4.07E+10 1.12E+10 2.64E+10
846 D 9 4 53-54 93.24 2434.37 2.32E+10 4.48E+10 1.32E+10 2.54E+10
846 D 9 4 93-94 93.64 2440.88 1.84E+10 2.39E+10 1.22E+10 1.58E+10
846 D 9 4 143-144 94.12 2449.96 2.18E+10 3.61E+10 5.57E+09 9.23E+09
846 D 9 5 53-54 94.73 2461.99 2.17E+10 3.88E+10 1.00E+10 1.79E+10
846 D 9 5 103-104 95.24 2483.85 1.64E+10 3.27E+10 1.18E+10 2.35E+10
846 D 9 5 123-124 95.43 2487.58 1.58E+10 4.16E+10 1.56E+10 4.11E+10
846 D 9 5 133-134 95.52 2489.23 1.62E+10 4.11E+10 1.70E+10 4.32E+10
846 D 9 6 3-4 95.70 2492.52 1.17E+10 2.32E+10 9.91E+09 1.96E+10
846 D 9 6 53-54 96.17 2502.75 1.45E+10 2.04E+10 3.06E+09 4.30E+09
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846 D 9 6 83-84 96.45 2511.49 1.56E+10 2.84E+10 4.48E+09 8.18E+09
846 D 9 6 113-114 96.74 2519.19 2.05E+10 4.65E+10 9.82E+09 2.23E+10
846 C 9 5 133-134 97.08 2524.44 1.98E+10 3.31E+10 1.76E+10 2.94E+10
846 C 9 6 23-24 97.46 2531.61 1.43E+10 1.84E+10 1.11E+10 1.42E+10
846 C 9 6 53-54 97.79 2535.51 1.43E+10 2.28E+10 1.69E+10 2.70E+10
846 C 9 6 83-84 98.08 2538.76 1.50E+10 3.34E+10 8.08E+09 1.81E+10
846 C 9 6 103-104 98.33 2543.58 1.16E+10 2.52E+10 2.61E+09 5.65E+09
846 D 10 1 53-54 99.13 2569.64 1.65E+10 3.61E+10 3.76E+09 8.24E+09
Table 4B: Coccolith/siliceous concentrations and mass accumulation rates at ODP Site 
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662 A 16 7 20-22 146.03 2407.71 3.52E+10 1.23E+11 3.11E+08 1.09E+09
662 A 17 1 24-26 146.91 2430.98 2.61E+10 2.05E+11 9.40E+08 7.37E+09
662 A 17 1 94-96 147.61 2440.24 2.47E+10 2.11E+11 2.39E+09 1.70E+10
662 A 17 1 124-126 147.91 2444.26 2.27E+10 1.77E+11 1.37E+09 1.07E+10
662 A 17 2 4-6 148.21 2447.81 2.47E+10 1.73E+11 2.77E+09 2.29E+10
662 A 17 2 14-16 148.31 2448.95 3.23E+10 2.26E+11 8.31E+09 5.81E+10
662 A 17 2 34-36 148.51 2451.89 2.09E+10 1.14E+11 3.61E+09 1.97E+10
662 A 17 2 114-116 149.31 2468.04 2.83E+10 1.22E+11 1.30E+09 5.63E+09
662 A 17 3 34-36 150.01 2482.62 2.46E+10 1.19E+11 3.98E+09 1.93E+10
662 A 17 3 44-46 150.11 2484.35 2.56E+10 1.26E+11 3.14E+09 1.54E+10
662 A 17 3 54-56 150.21 2486.06 3.22E+10 1.58E+11 5.51E+09 2.70E+10
662 A 17 3 74-76 150.41 2489.48 2.90E+10 1.43E+11 5.40E+09 2.66E+10
662 A 17 3 84-86 150.51 2491.19 2.67E+10 1.31E+11 4.46E+09 2.19E+10
662 A 17 3 104-106 150.71 2494.59 2.29E+10 1.14E+11 2.35E+09 1.17E+10
662 A 17 4 4-6 151.21 2504.85 2.72E+10 1.21E+11 6.01E+08 2.69E+09
662 A 17 4 54-56 151.71 2516.60 2.77E+10 9.93E+10 2.08E+09 7.46E+09
662 A 17 4 114-116 152.31 2531.62 2.66E+10 1.17E+11 3.40E+09 1.49E+10
662 A 17 5 4.5-6.5 152.71 2540.53 2.44E+10 1.00E+11 2.23E+09 9.17E+09
662 A 17 5 54-56 153.21 2551.48 2.53E+10 1.05E+11 7.82E+08 3.26E+09
662 A 17 5 124-126 153.91 2565.83 3.00E+10 1.33E+11 9.96E+08 4.42E+09
Appendix A - Data Tables     157
Table 5A: ODP Site 846 nannofossil assemblage data, ‘Productivity Transition’ (Chapter 
4), Calcidiscus leptoporus to Coccolithus pelagicus (medium).
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Si
te
H
ol
e
C
or
e
Se
ct
io
n
In
te
rv
al
 (c
m
)
R
M
C
D
 (m
)
A
ge
 (k
a)
 [L
aw
re
nc
e e
t a
l., 
20
06
]
Ca
lci
di
scu
s l
ep
to
po
ru
s s
in
gl
e  
sh
ie
ld
Ca
lci
di
scu
s l
ep
to
po
ru
s
Ca
lci
di
scu
s t
ro
pi
cu
s
Ca
lci
di
scu
s M
ac
in
ty
re
i >
10
μm
Ca
lci
di
scu
s M
ac
in
ty
re
i @
 1
0μ
m
Ca
lci
di
scu
s s
pp
. s
m
al
l d
ar
k
Ce
ra
to
lit
hu
s s
pp
.
Co
cco
lit
hu
s p
ela
gic
us
 (>
10
μm
)
Co
cco
lit
hu
s p
ela
gic
us
 la
rg
e +
 b
ar
Co
cco
lit
hu
s p
ela
gic
us
 (5
-1
0μ
m
)
846 D 11 5 33-34 115.53 2900.32 7.38 3.51 0.63 0.63 0.42 0.00 0.00 0.56 0.00 0.84
846 D 11 5 43-44 115.64 2902.45 8.61 4.60 1.15 1.02 0.26 0.00 0.26 0.51 0.13 0.77
846 D 11 5 53-54 115.74 2904.38 9.57 3.53 1.01 0.95 1.01 0.00 0.13 0.63 0.25 0.76
846 D 11 5 63-64 115.83 2906.11 4.90 1.85 0.93 0.41 0.51 0.41 0.00 0.72 0.21 0.72
846 D 11 5 73-74 115.93 2908.03 4.81 2.13 0.91 0.09 0.43 0.09 0.00 0.09 0.00 0.78
846 D 11 5 83-84 116.02 2909.76 6.46 2.04 0.80 0.60 0.60 0.30 0.00 0.40 0.00 0.80
846 D 11 5 93-94 116.12 2911.68 4.68 1.81 0.89 0.30 0.42 0.00 0.00 0.42 0.00 1.27
846 D 11 5 103-104 116.22 2913.60 3.68 1.89 0.85 0.53 0.39 0.00 0.00 0.07 0.07 0.78
846 D 11 5 113-114 116.33 2915.71 6.17 2.67 0.96 0.57 0.57 0.10 0.00 0.38 0.19 1.53
846 D 11 5 123-124 116.43 2917.64 4.50 2.24 0.49 0.44 0.39 0.10 0.00 0.10 0.10 0.88
846 D 11 5 133-134 116.53 2919.56 5.28 1.99 0.90 0.28 0.16 0.24 0.00 0.49 0.24 1.46
846 D 11 5 143-144 116.62 2921.29 4.46 2.65 0.77 0.63 0.35 0.00 0.00 0.42 0.00 1.54
846 D 11 6 3-4 116.71 2923.02 3.52 2.06 0.46 0.18 0.14 0.00 0.00 0.36 0.07 0.78
846 D 11 6 13-14 116.79 2924.75 5.33 1.66 0.86 0.74 0.37 0.00 0.00 0.74 0.00 3.20
846 D 11 6 23-24 116.87 2926.64 6.15 2.33 0.70 0.35 0.35 0.12 0.00 0.23 0.00 2.33
846 D 11 6 33-34 116.96 2928.80 5.35 2.48 0.74 0.34 0.60 0.13 0.00 0.54 0.13 1.48
846 D 11 6 43-44 117.06 2931.37 4.72 1.32 1.39 0.42 0.45 0.31 0.00 0.14 0.00 0.49
846 D 11 6 53-54 117.20 2935.11 6.02 3.02 2.19 0.69 0.41 0.14 0.00 0.55 0.14 1.10
846 D 11 6 63-64 117.36 2939.40 4.44 2.41 0.26 0.17 0.57 0.04 0.00 0.35 0.00 1.49
846 D 11 6 73-74 117.55 2944.50 4.87 1.94 0.57 0.24 0.65 0.00 0.08 0.40 0.00 0.73
846 D 11 6 83-84 117.69 2948.26 4.12 1.93 0.71 0.36 0.41 0.10 0.00 0.31 0.00 1.63
846 D 11 6 93-94 117.79 2950.78 6.55 3.10 0.66 0.22 0.59 0.00 0.00 1.18 0.00 3.10
846 D 11 6 103-104 117.87 2952.74 4.27 2.65 0.23 0.46 0.37 0.00 0.00 1.10 0.09 1.46
846 D 11 5 33-34 117.93 2954.19 4.68 1.97 0.32 0.32 0.39 0.00 0.08 0.87 0.00 1.42
846 D 11 6 113-114 117.94 2954.44 5.04 1.67 0.37 0.33 0.19 0.19 0.00 0.65 0.19 1.58
846 D 11 6 123-124 117.99 2955.65 3.40 1.61 0.33 0.17 0.44 0.11 0.00 0.67 0.11 1.11
846 C 11 5 43-44 118.03 2956.62 3.86 2.03 0.60 0.45 0.38 0.04 0.00 0.38 0.00 0.45
846 D 11 6 133-134 118.04 2956.87 3.62 1.54 0.57 0.45 0.32 0.16 0.00 0.40 0.00 0.89
846 C 11 5 53-54 118.13 2959.05 6.00 2.79 0.85 0.20 0.40 0.15 0.00 0.20 0.00 0.50
846 D 11 6 143-144 118.20 2960.63 6.10 2.09 0.80 0.25 0.40 0.00 0.00 0.80 0.00 0.80
846 C 11 5 63-64 118.23 2961.26 3.78 2.20 0.62 0.31 0.40 0.04 0.00 0.62 0.00 0.35
846 D 11 7 3-4 118.30 2962.62 4.62 2.10 0.80 0.54 0.22 0.04 0.09 0.54 0.00 0.27
846 C 11 5 73-74 118.33 2963.20 5.02 2.12 1.03 0.26 0.45 0.06 0.00 0.51 0.00 0.64
846 D 11 7 13-14 118.39 2964.36 4.92 1.66 0.96 0.44 0.17 0.00 0.00 0.26 0.09 0.35
846 C 11 5 83-84 118.43 2965.14 5.72 2.10 1.22 0.26 0.44 0.09 0.00 0.44 0.09 0.35
846 C 11 5 93-94 118.53 2967.07 5.29 2.50 0.61 0.57 0.19 0.05 0.00 0.38 0.00 0.57
846 C 11 5 103-104 118.63 2969.00 5.79 2.46 1.68 0.19 0.39 0.06 0.00 0.39 0.00 0.78
846 C 11 5 113-114 118.73 2970.92 5.47 1.76 1.08 0.15 0.54 0.00 0.10 0.59 0.00 0.49
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846 C 11 5 123-124 118.83 2972.84 4.87 2.11 1.05 0.64 0.72 0.00 0.00 0.53 0.00 0.45
846 C 11 5 133-134 118.93 2974.75 6.90 2.71 1.26 0.48 0.72 0.00 0.00 0.72 0.00 0.60
846 C 11 5 143-144 119.03 2976.67 5.00 2.23 0.85 0.63 0.63 0.00 0.00 0.09 0.09 0.45
846 C 11 6 3-4 119.13 2978.59 5.73 2.26 1.35 0.19 0.58 0.00 0.10 0.29 0.00 0.19
846 C 11 6 13-14 119.23 2980.51 7.30 2.76 1.54 0.55 0.83 0.06 0.00 0.11 0.00 0.22
846 C 11 6 23-24 119.33 2982.43 6.50 2.70 1.55 0.57 0.86 0.00 0.00 0.34 0.00 0.34
846 C 11 6 33-34 119.43 2984.35 5.63 3.04 1.03 0.46 0.57 0.00 0.00 0.21 0.10 0.21
846 C 11 6 43-44 119.53 2986.27 7.13 2.65 1.26 0.44 0.57 0.00 0.00 0.25 0.00 0.76
846 C 11 6 53-54 119.63 2988.21 7.31 3.34 1.56 0.45 0.97 0.07 0.00 0.15 0.00 0.59
846 C 11 6 63-64 119.73 2990.22 6.94 2.50 1.39 0.33 0.94 0.00 0.00 1.00 0.11 0.22
846 C 11 6 73-74 119.83 2992.25 6.65 1.99 1.72 0.61 0.84 0.00 0.00 0.54 0.08 1.07
846 D 12 1 3-4 119.88 2993.40 6.91 2.37 1.43 1.12 1.31 0.00 0.00 0.25 0.12 0.37
846 C 11 6 83-84 119.93 2994.62 7.44 2.12 1.01 0.81 1.36 0.00 0.00 0.61 0.00 0.61
846 D 12 1 13-14 119.98 2995.84 5.61 2.02 0.86 0.49 0.52 0.04 0.00 0.82 0.00 0.75
846 C 11 6 93-94 120.03 2997.07 5.88 1.91 0.72 0.85 0.51 0.00 0.00 0.68 0.08 0.93
846 D 12 1 23-24 120.08 2998.29 5.00 2.62 0.66 0.70 0.96 0.00 0.00 0.61 0.00 0.44
846 C 11 6 103-104 120.13 2999.51 5.57 1.53 0.68 0.72 0.50 0.09 0.00 0.54 0.09 0.45
Table 5B: ODP Site 846 nannofossil assemblage data, ‘Productivity Transition’ (Chapter 
4), Coccolithus pelagicus (medium + bar) to Helicosphaera species.
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846 D 11 5 33-34 115.53 2900.32 0.00 0.00 0.98 1.55 11.84 0.00 0.98 0.14 0.42 0.00
846 D 11 5 43-44 115.64 2902.45 0.00 0.00 0.89 0.51 11.42 0.00 1.02 0.00 0.38 0.00
846 D 11 5 53-54 115.74 2904.38 0.13 0.00 1.39 0.38 11.52 0.00 0.76 0.13 0.13 0.00
846 D 11 5 63-64 115.83 2906.11 0.00 0.00 0.31 0.00 8.35 2.18 1.13 0.00 0.00 0.00
846 D 11 5 73-74 115.93 2908.03 0.09 0.00 0.09 0.09 7.76 1.66 0.96 0.09 0.17 0.00
846 D 11 5 83-84 116.02 2909.76 0.10 0.00 0.00 0.10 8.62 1.10 0.70 0.00 0.10 0.00
846 D 11 5 93-94 116.12 2911.68 0.25 0.00 0.34 0.25 6.87 0.08 0.84 0.00 0.08 0.00
846 D 11 5 103-104 116.22 2913.60 0.14 0.00 0.36 0.14 9.12 0.07 0.85 0.00 0.36 0.00
846 D 11 5 113-114 116.33 2915.71 0.00 0.10 0.29 0.10 10.02 0.19 0.76 0.00 0.10 0.10
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846 D 11 5 123-124 116.43 2917.64 0.00 0.00 0.68 0.29 4.86 0.00 0.59 0.20 0.10 0.00
846 D 11 5 133-134 116.53 2919.56 0.16 0.00 0.41 0.33 6.56 0.24 0.65 0.16 0.08 0.00
846 D 11 5 143-144 116.62 2921.29 0.14 0.00 1.26 0.42 5.49 0.42 1.40 0.14 0.28 0.00
846 D 11 6 3-4 116.71 2923.02 0.00 0.00 0.36 0.07 6.07 0.28 0.64 0.00 0.07 0.00
846 D 11 6 13-14 116.79 2924.75 0.00 0.00 0.86 0.12 5.51 0.00 2.22 0.00 0.12 0.00
846 D 11 6 23-24 116.87 2926.64 0.00 0.00 0.47 0.23 9.02 0.23 0.47 0.00 0.00 0.00
846 D 11 6 33-34 116.96 2928.80 0.00 0.00 0.67 0.27 9.50 0.27 0.80 0.00 0.00 0.00
846 D 11 6 43-44 117.06 2931.37 0.00 0.07 0.42 0.14 15.85 0.07 0.42 0.00 0.00 0.00
846 D 11 6 53-54 117.20 2935.11 0.00 0.00 0.14 0.14 13.72 0.00 0.55 0.00 0.14 0.00
846 D 11 6 63-64 117.36 2939.40 0.09 0.00 0.61 0.26 14.53 0.00 0.87 0.00 0.26 0.00
846 D 11 6 73-74 117.55 2944.50 0.08 0.00 0.49 0.24 16.79 0.16 0.49 0.24 0.16 0.08
846 D 11 6 83-84 117.69 2948.26 0.00 0.00 1.22 0.20 16.97 0.00 0.81 0.00 0.20 0.00
846 D 11 6 93-94 117.79 2950.78 0.00 0.00 1.62 0.44 15.06 0.00 0.74 0.15 0.15 0.00
846 D 11 6 103-104 117.87 2952.74 0.18 0.00 1.28 0.73 28.57 0.00 0.27 0.09 0.09 0.00
846 D 11 5 33-34 117.93 2954.19 0.00 0.00 1.58 0.39 20.91 0.00 0.79 0.08 0.00 0.00
846 D 11 6 113-114 117.94 2954.44 0.00 0.00 1.11 0.19 19.83 0.28 0.56 0.09 0.19 0.09
846 D 11 6 123-124 117.99 2955.65 0.00 0.00 1.56 0.44 15.74 1.23 0.56 0.00 0.00 0.00
846 C 11 5 43-44 118.03 2956.62 0.00 0.00 1.28 1.28 18.97 0.00 0.30 0.08 0.15 0.00
846 D 11 6 133-134 118.04 2956.87 0.00 0.08 1.38 0.97 17.92 0.24 0.73 0.00 0.16 0.08
846 C 11 5 53-54 118.13 2959.05 0.00 0.00 1.40 1.30 16.00 0.00 0.80 0.30 0.30 0.00
846 D 11 6 143-144 118.20 2960.63 0.00 0.00 2.59 0.60 15.63 0.00 0.60 0.30 0.40 0.00
846 C 11 5 63-64 118.23 2961.26 0.00 0.00 1.23 0.79 16.22 0.00 0.97 0.44 0.26 0.00
846 D 11 7 3-4 118.30 2962.62 0.00 0.00 1.88 1.16 14.86 0.00 0.80 0.00 0.36 0.09
846 C 11 5 73-74 118.33 2963.20 0.00 0.00 0.64 0.51 15.21 0.00 1.03 0.13 0.13 0.00
846 D 11 7 13-14 118.39 2964.36 0.09 0.00 1.40 1.22 16.54 0.00 0.61 0.44 0.26 0.00
846 C 11 5 83-84 118.43 2965.14 0.09 0.00 0.26 0.70 15.69 0.17 0.96 0.00 0.17 0.00
846 C 11 5 93-94 118.53 2967.07 0.00 0.09 0.00 0.28 13.53 0.09 0.66 0.00 0.47 0.00
846 C 11 5 103-104 118.63 2969.00 0.00 0.00 0.78 0.39 15.09 0.00 1.17 0.13 0.65 0.00
846 C 11 5 113-114 118.73 2970.92 0.00 0.00 1.17 0.78 12.86 0.20 1.56 0.20 0.10 0.10
846 C 11 5 123-124 118.83 2972.84 0.00 0.00 0.23 0.38 16.25 0.00 0.83 0.00 0.08 0.00
846 C 11 5 133-134 118.93 2974.75 0.00 0.00 1.93 0.60 16.99 0.00 0.60 0.00 0.24 0.24
846 C 11 5 143-144 119.03 2976.67 0.00 0.00 0.71 0.45 19.22 0.00 0.71 0.09 0.18 0.00
846 C 11 6 3-4 119.13 2978.59 0.00 0.00 1.54 0.38 14.83 0.10 0.77 0.19 0.29 0.00
846 C 11 6 13-14 119.23 2980.51 0.00 0.00 0.44 0.22 16.17 0.11 0.88 0.00 0.33 0.00
846 C 11 6 23-24 119.33 2982.43 0.00 0.00 0.34 0.23 15.48 0.00 0.92 0.11 0.23 0.00
846 C 11 6 33-34 119.43 2984.35 0.00 0.00 0.00 0.10 18.54 0.00 1.03 0.21 0.21 0.00
846 C 11 6 43-44 119.53 2986.27 0.00 0.00 0.38 0.38 21.04 0.00 1.89 0.13 0.51 0.00
846 C 11 6 53-54 119.63 2988.21 0.00 0.00 1.34 0.45 19.74 0.00 0.30 0.30 0.15 0.00
846 C 11 6 63-64 119.73 2990.22 0.00 0.00 0.56 0.33 18.25 0.00 1.78 0.00 0.44 0.00
846 C 11 6 73-74 119.83 2992.25 0.00 0.00 0.46 0.38 17.31 0.00 0.54 0.00 0.00 0.00
846 D 12 1 3-4 119.88 2993.40 0.00 0.00 1.00 0.75 19.69 0.00 0.50 0.00 0.37 0.00
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846 C 11 6 83-84 119.93 2994.62 0.10 0.00 0.40 0.20 18.86 0.00 0.50 0.10 0.10 0.00
846 D 12 1 13-14 119.98 2995.84 0.07 0.00 0.75 0.45 16.36 0.00 0.67 0.07 0.00 0.00
846 C 11 6 93-94 120.03 2997.07 0.00 0.00 0.59 0.34 18.89 0.00 0.42 0.00 0.25 0.00
846 D 12 1 23-24 120.08 2998.29 0.00 0.00 0.35 0.61 19.14 0.00 0.44 0.00 0.26 0.00
846 C 11 6 103-104 120.13 2999.51 0.09 0.00 0.27 0.81 17.85 0.00 1.08 0.00 0.27 0.00
Table 5C: ODP Site 846 nannofossil assemblage data, ‘Productivity Transition’ (Chapter 
4), Sphenolithus abies to Reticulofenestra pseudoumbilicus (large).
Sample Information
Si
te
H
ol
e
C
or
e
Se
ct
io
n
In
te
rv
al
 (c
m
)
R
M
C
D
 (m
)
A
ge
 (k
a)
 [L
aw
re
nc
e e
t a
l., 
20
06
]
Sp
he
no
lit
hu
s a
bi
es
Po
nt
osp
ha
era
 m
ul
tip
or
a
Po
nt
osp
ha
era
 di
sco
po
ra
Po
nt
osp
ha
era
 ja
po
ni
ca
Po
nt
osp
ha
era
 sp
p.
 in
de
t. 
rim
 fl
us
h
Po
nt
osp
ha
era
 sp
p.
 in
de
t. 
rim
 n
ot
 fl
us
h
Ps
eu
do
em
ili
an
ia
 sp
p.
Re
tic
ul
ofe
ne
str
a h
aq
ii
VS
R 
(in
cl.
 R
. m
in
ut
a)
Re
tic
ul
ofe
ne
str
a p
seu
do
um
bi
lic
us
 >
7 
μm
846 D 11 5 33-34 115.53 2900.32 0.00 0.00 0.00 0.00 0.00 0.00 3.77 16.47 53.17 0.14
846 D 11 5 43-44 115.64 2902.45 0.00 0.00 0.00 0.00 0.00 0.00 3.37 14.79 56.37 0.00
846 D 11 5 53-54 115.74 2904.38 0.00 0.13 0.00 0.00 0.00 0.00 2.93 15.04 56.05 0.25
846 D 11 5 63-64 115.83 2906.11 0.00 0.00 0.10 0.00 0.00 0.00 2.54 11.43 66.24 0.00
846 D 11 5 73-74 115.93 2908.03 0.00 0.00 0.09 0.00 0.00 0.09 3.14 11.83 68.21 0.17
846 D 11 5 83-84 116.02 2909.76 0.00 0.00 0.00 0.00 0.00 0.00 2.89 14.00 66.07 0.10
846 D 11 5 93-94 116.12 2911.68 0.00 0.08 0.00 0.00 0.00 0.00 1.90 14.04 68.71 0.25
846 D 11 5 103-104 116.22 2913.60 0.07 0.00 0.00 0.00 0.00 0.07 3.16 16.49 63.51 0.07
846 D 11 5 113-114 116.33 2915.71 0.00 0.00 0.19 0.00 0.00 0.00 3.28 13.29 62.24 0.19
846 D 11 5 123-124 116.43 2917.64 0.00 0.00 0.00 0.10 0.00 0.00 1.80 10.25 74.46 0.39
846 D 11 5 133-134 116.53 2919.56 0.00 0.00 0.00 0.00 0.00 0.00 2.08 15.04 66.88 0.24
846 D 11 5 143-144 116.62 2921.29 0.00 0.00 0.00 0.00 0.00 0.00 2.74 15.09 67.75 0.00
846 D 11 6 3-4 116.71 2923.02 0.00 0.00 0.00 0.00 0.00 0.00 1.35 15.07 71.04 0.14
846 D 11 6 13-14 116.79 2924.75 0.00 0.00 0.00 0.00 0.00 0.12 1.78 15.28 66.96 0.25
846 D 11 6 23-24 116.87 2926.64 0.00 0.12 0.00 0.00 0.00 0.00 2.56 12.91 66.19 0.12
846 D 11 6 33-34 116.96 2928.80 0.00 0.27 0.00 0.13 0.00 0.00 2.55 18.42 59.60 0.13
846 D 11 6 43-44 117.06 2931.37 0.00 0.00 0.00 0.00 0.00 0.00 2.83 15.28 59.25 0.07
846 D 11 6 53-54 117.20 2935.11 0.00 0.00 0.14 0.00 0.00 0.00 2.44 17.67 54.51 0.00
846 D 11 6 63-64 117.36 2939.40 0.00 0.00 0.09 0.00 0.00 0.00 2.22 15.04 58.97 0.00
846 D 11 6 73-74 117.55 2944.50 0.08 0.00 0.00 0.08 0.00 0.00 4.15 12.45 57.94 0.08
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846 D 11 6 83-84 117.69 2948.26 0.00 0.10 0.20 0.20 0.00 0.00 3.29 14.83 55.19 0.00
846 D 11 6 93-94 117.79 2950.78 0.15 0.00 0.15 0.15 0.00 0.00 2.29 16.86 50.90 0.00
846 D 11 6 103-104 117.87 2952.74 0.09 0.00 0.00 0.00 0.00 0.00 2.78 12.24 44.90 0.18
846 D 11 5 33-34 117.93 2954.19 0.00 0.00 0.08 0.08 0.00 0.00 4.39 16.08 47.22 0.24
846 D 11 6 113-114 117.94 2954.44 0.00 0.19 0.09 0.00 0.00 0.09 1.68 8.40 60.84 0.19
846 D 11 6 123-124 117.99 2955.65 0.00 0.00 0.00 0.00 0.00 0.00 1.33 10.96 61.73 0.00
846 C 11 5 43-44 118.03 2956.62 0.08 0.00 0.08 0.00 0.00 0.00 2.41 10.13 59.65 0.00
846 D 11 6 133-134 118.04 2956.87 0.00 0.00 0.00 0.08 0.00 0.00 2.04 8.96 61.64 0.16
846 C 11 5 53-54 118.13 2959.05 0.20 0.00 0.10 0.00 0.00 0.00 2.62 12.62 57.69 0.10
846 D 11 6 143-144 118.20 2960.63 0.10 0.00 0.10 0.00 0.00 0.00 1.64 9.08 61.76 0.20
846 C 11 5 63-64 118.23 2961.26 0.00 0.00 0.00 0.00 0.00 0.00 2.36 10.87 61.10 0.00
846 D 11 7 3-4 118.30 2962.62 0.00 0.00 0.18 0.00 0.00 0.00 2.02 9.52 62.91 0.18
846 C 11 5 73-74 118.33 2963.20 0.00 0.00 0.13 0.00 0.00 0.00 1.28 11.33 61.97 0.00
846 D 11 7 13-14 118.39 2964.36 0.09 0.00 0.00 0.00 0.00 0.00 2.53 9.09 62.74 0.09
846 C 11 5 83-84 118.43 2965.14 0.17 0.00 0.00 0.00 0.00 0.00 2.12 9.48 64.05 0.09
846 C 11 5 93-94 118.53 2967.07 0.09 0.00 0.00 0.00 0.00 0.00 2.06 10.15 65.44 0.09
846 C 11 5 103-104 118.63 2969.00 0.00 0.00 0.00 0.00 0.00 0.00 1.93 10.53 61.58 0.26
846 C 11 5 113-114 118.73 2970.92 0.00 0.00 0.10 0.00 0.00 0.00 3.05 7.56 67.04 0.20
846 C 11 5 123-124 118.83 2972.84 0.00 0.00 0.00 0.00 0.00 0.00 2.71 9.93 62.45 0.23
846 C 11 5 133-134 118.93 2974.75 0.12 0.12 0.00 0.00 0.12 0.00 3.19 12.39 55.75 0.36
846 C 11 5 143-144 119.03 2976.67 0.18 0.00 0.00 0.00 0.00 0.00 2.50 12.50 56.72 0.27
846 C 11 6 3-4 119.13 2978.59 0.10 0.00 0.29 0.00 0.00 0.00 2.10 12.03 60.14 0.00
846 C 11 6 13-14 119.23 2980.51 0.00 0.66 0.11 0.00 0.00 0.00 3.30 10.61 57.57 0.11
846 C 11 6 23-24 119.33 2982.43 0.11 0.00 0.00 0.11 0.00 0.00 3.41 12.07 57.74 0.00
846 C 11 6 33-34 119.43 2984.35 0.00 0.00 0.10 0.00 0.00 0.10 2.98 11.75 56.46 0.00
846 C 11 6 43-44 119.53 2986.27 0.00 0.13 0.00 0.00 0.00 0.00 3.48 9.22 54.26 0.00
846 C 11 6 53-54 119.63 2988.21 0.00 0.00 0.30 0.00 0.00 0.00 2.56 12.61 51.55 0.30
846 C 11 6 63-64 119.73 2990.22 0.00 0.00 0.11 0.00 0.00 0.00 3.57 14.48 51.19 0.00
846 C 11 6 73-74 119.83 2992.25 0.00 0.00 0.00 0.00 0.00 0.00 3.25 17.93 51.00 0.08
846 D 12 1 3-4 119.88 2993.40 0.00 0.00 0.00 0.00 0.00 0.00 2.76 11.40 54.06 0.12
846 C 11 6 83-84 119.93 2994.62 0.00 0.00 0.10 0.10 0.00 0.00 4.33 14.88 50.69 0.20
846 D 12 1 13-14 119.98 2995.84 0.07 0.00 0.07 0.00 0.00 0.00 2.80 8.88 62.93 0.30
846 C 11 6 93-94 120.03 2997.07 0.08 0.00 0.00 0.00 0.00 0.00 3.03 12.30 56.68 0.25
846 D 12 1 23-24 120.08 2998.29 0.00 0.00 0.00 0.00 0.00 0.00 2.93 10.86 57.59 0.09
846 C 11 6 103-104 120.13 2999.51 0.00 0.00 0.00 0.09 0.00 0.00 4.41 15.55 53.36 0.09
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Table 5D: ODP Site 846 nannofossil assemblage data, ‘Productivity Transition’ (Chapter 
4), Reticulofenestra pseudoumbilicus (medium) to Siliceous fragments.
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846 D 11 5 33-34 115.53 2900.32 2.11 0.00 0.42 0.14 0.00 0.14 0.42 0.70 0.54
846 D 11 5 43-44 115.64 2902.45 1.53 0.00 0.13 0.13 0.00 0.00 0.51 0.26 0.63
846 D 11 5 53-54 115.74 2904.38 2.15 0.00 0.25 0.00 0.00 0.00 0.00 0.50 0.59
846 D 11 5 63-64 115.83 2906.11 1.13 0.00 0.10 0.41 0.10 0.00 0.00 0.21 0.50
846 D 11 5 73-74 115.93 2908.03 0.61 0.00 0.09 0.17 0.09 0.00 0.00 0.09 0.48
846 D 11 5 83-84 116.02 2909.76 0.60 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.43
846 D 11 5 93-94 116.12 2911.68 0.93 0.00 0.00 0.08 0.00 0.00 0.00 0.17 0.43
846 D 11 5 103-104 116.22 2913.60 0.78 0.00 0.00 0.00 0.00 0.00 0.07 0.14 0.38
846 D 11 5 113-114 116.33 2915.71 1.72 0.00 0.00 0.38 0.00 0.00 0.00 0.10 0.49
846 D 11 5 123-124 116.43 2917.64 1.46 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.74
846 D 11 5 133-134 116.53 2919.56 1.06 0.00 0.00 0.33 0.00 0.00 0.00 0.00 0.67
846 D 11 5 143-144 116.62 2921.29 1.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.62
846 D 11 6 3-4 116.71 2923.02 0.78 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.48
846 D 11 6 13-14 116.79 2924.75 0.86 0.00 0.00 0.00 0.00 0.12 0.00 0.00 0.55
846 D 11 6 23-24 116.87 2926.64 1.05 0.00 0.00 0.00 0.00 0.12 0.00 0.12 0.53
846 D 11 6 33-34 116.96 2928.80 0.40 0.00 0.13 0.13 0.00 0.13 0.00 0.13 0.54
846 D 11 6 43-44 117.06 2931.37 0.69 0.00 0.00 0.00 0.00 0.14 0.00 0.28 0.44
846 D 11 6 53-54 117.20 2935.11 0.96 0.00 0.14 0.00 0.00 0.14 0.14 0.96 0.58
846 D 11 6 63-64 117.36 2939.40 0.79 0.00 0.00 0.26 0.00 0.17 0.00 0.52 0.42
846 D 11 6 73-74 117.55 2944.50 0.57 0.00 0.16 0.16 0.00 0.00 0.08 0.89 0.27
846 D 11 6 83-84 117.69 2948.26 0.81 0.00 0.10 0.00 0.00 0.00 0.00 0.41 0.42
846 D 11 6 93-94 117.79 2950.78 0.74 0.00 0.44 0.44 0.00 0.00 0.00 0.88 0.49
846 D 11 6 103-104 117.87 2952.74 2.04 0.00 0.09 0.00 0.00 0.00 0.00 0.09 0.51
846 D 11 5 33-34 117.93 2954.19 2.34 0.00 0.24 0.16 0.00 0.08 0.00 0.00 0.47
846 D 11 6 113-114 117.94 2954.44 0.56 0.00 0.46 0.00 0.00 0.00 0.00 0.00 0.40
846 D 11 6 123-124 117.99 2955.65 1.56 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.39
846 C 11 5 43-44 118.03 2956.62 1.05 0.00 0.23 0.00 0.00 0.00 0.00 0.00 0.28
846 D 11 6 133-134 118.04 2956.87 0.73 0.00 0.16 0.08 0.00 0.00 0.00 0.24 0.31
846 C 11 5 53-54 118.13 2959.05 1.30 0.00 0.00 0.10 0.00 0.00 0.00 0.10 0.38
846 D 11 6 143-144 118.20 2960.63 1.59 0.00 0.00 0.10 0.00 0.00 0.00 0.20 0.40
846 C 11 5 63-64 118.23 2961.26 1.14 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.41
846 D 11 7 3-4 118.30 2962.62 0.89 0.00 0.09 0.09 0.00 0.00 0.00 0.36 0.33
846 C 11 5 73-74 118.33 2963.20 2.05 0.00 0.13 0.00 0.00 0.00 0.00 0.39 0.36
846 D 11 7 13-14 118.39 2964.36 0.87 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.45
846 C 11 5 83-84 118.43 2965.14 0.79 0.00 0.00 0.09 0.00 0.00 0.00 0.17 0.48
846 C 11 5 93-94 118.53 2967.07 1.79 0.00 0.28 0.00 0.00 0.00 0.00 0.09 0.50
846 C 11 5 103-104 118.63 2969.00 1.42 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.44
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846 C 11 5 113-114 118.73 2970.92 0.29 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.50
846 C 11 5 123-124 118.83 2972.84 0.75 0.00 0.15 0.08 0.00 0.00 0.08 0.38 0.59
846 C 11 5 133-134 118.93 2974.75 0.60 0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.40
846 C 11 5 143-144 119.03 2976.67 0.89 0.00 0.09 0.00 0.00 0.00 0.00 0.54 0.50
846 C 11 6 3-4 119.13 2978.59 0.58 0.00 0.77 0.10 0.00 0.00 0.00 0.87 0.40
846 C 11 6 13-14 119.23 2980.51 0.88 0.00 0.66 0.22 0.00 0.11 0.00 1.54 0.45
846 C 11 6 23-24 119.33 2982.43 1.15 0.11 0.46 0.11 0.00 0.00 0.00 1.03 0.41
846 C 11 6 33-34 119.43 2984.35 1.03 0.00 0.21 0.10 0.00 0.10 0.10 1.34 0.34
846 C 11 6 43-44 119.53 2986.27 0.88 0.00 0.38 0.51 0.00 0.00 0.13 0.76 0.40
846 C 11 6 53-54 119.63 2988.21 1.34 0.00 0.30 0.15 0.00 0.00 0.15 1.34 0.51
846 C 11 6 63-64 119.73 2990.22 0.89 0.11 0.56 0.00 0.00 0.00 0.22 1.00 0.57
846 C 11 6 73-74 119.83 2992.25 1.22 0.00 0.23 0.31 0.00 0.00 0.23 0.23 0.41
846 D 12 1 3-4 119.88 2993.40 0.62 0.00 0.00 0.00 0.00 0.12 0.12 1.50 0.39
846 C 11 6 83-84 119.93 2994.62 1.92 0.00 0.40 0.00 0.00 0.10 0.30 0.20 0.55
846 D 12 1 13-14 119.98 2995.84 0.82 0.00 0.07 0.00 0.00 0.00 0.00 0.15 0.54
846 C 11 6 93-94 120.03 2997.07 1.27 0.00 0.08 0.08 0.00 0.00 0.00 0.00 0.50
846 D 12 1 23-24 120.08 2998.29 1.14 0.09 0.35 0.09 0.00 0.00 0.00 0.09 0.53
846 C 11 6 103-104 120.13 2999.51 1.26 0.00 0.09 0.09 0.00 0.00 0.00 0.09 0.60
Table 6A: ODP Site 982 nannofossil assemblage data, ‘Productivity Transition’ (Chapter 
4), Calcidiscus leptoporus to Coccolithus pelagicus (medium + bar).
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982 C 6 3 20-22 49.50 2241.94 2.30 0.09 0.05 0.09 0.00 3.30 3.30 8.81 0.44
982 C 6 3 40-42 49.78 2262.66 2.08 0.06 0.00 0.00 0.00 1.42 2.23 7.09 0.81
982 B 6 1 110-112 50.11 2288.48 1.82 0.15 0.06 0.00 0.00 3.47 3.22 4.96 0.00
982 B 6 1 130-132 50.31 2309.75 2.10 0.06 0.00 0.00 0.00 3.95 3.72 6.27 0.00
982 B 6 2 20-22 50.71 2354.94 2.92 0.06 0.00 0.00 0.00 7.25 5.22 11.30 0.58
982 B 6 2 40-42 50.91 2370.37 1.89 0.00 0.00 0.13 0.00 2.65 2.91 9.79 0.00
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982 B 6 2 60-62 51.11 2383.25 2.83 0.00 0.30 0.11 0.00 5.29 3.91 9.67 0.00
982 B 6 2 80-82 51.31 2394.94 3.58 0.00 0.04 0.00 0.00 7.20 2.59 8.65 0.00
982 B 6 2 100-102 51.51 2405.48 3.03 0.00 0.16 0.00 0.00 17.94 2.37 42.98 0.00
982 B 6 2 120-122 51.71 2414.00 5.60 0.00 0.17 0.00 0.00 14.07 7.69 10.33 0.22
982 B 6 2 140-142 51.91 2421.36 5.56 0.05 0.23 0.00 0.00 7.10 2.37 5.44 0.00
982 B 6 3 10-12 52.11 2428.75 3.95 0.00 0.05 0.00 0.00 10.01 2.44 17.59 0.27
982 B 6 3 30-32 52.31 2436.99 3.26 0.09 0.51 0.00 0.00 14.40 3.60 24.16 1.54
982 B 6 3 50-52 52.51 2446.86 5.41 0.11 0.18 0.00 0.00 16.71 12.47 17.65 1.41
982 B 6 3 70-72 52.71 2458.58 2.58 0.00 0.13 0.00 0.00 7.18 4.78 14.35 0.24
982 B 6 3 90-92 52.91 2470.30 5.78 0.08 0.48 0.00 0.00 4.89 3.33 5.11 0.00
982 B 6 3 110-112 53.11 2481.07 19.77 0.20 0.20 0.00 0.00 6.93 1.73 2.02 0.00
982 B 6 3 130-132 53.31 2487.88 1.08 0.00 0.06 0.00 0.00 9.21 1.35 5.84 0.67
982 B 6 4 0-2 53.51 2493.72 0.28 0.00 0.06 0.00 0.00 3.47 0.14 1.65 0.04
982 B 6 4 7.5-9.5 53.59 2495.82 0.39 0.00 0.11 0.00 0.00 1.60 0.50 2.04 0.06
982 B 6 4 15-17 53.66 2497.92 0.68 0.00 0.00 0.00 0.00 1.20 0.40 1.92 0.00
982 B 6 4 22.5-24.5 53.74 2500.02 1.21 0.05 0.00 0.00 0.00 0.91 0.60 2.67 0.00
982 B 6 4 30-32 53.81 2502.15 1.27 0.00 0.00 0.00 0.00 0.55 0.33 1.60 0.00
982 B 6 4 37.5-39.5 53.89 2504.28 1.19 0.00 0.00 0.00 0.00 1.42 0.18 1.88 0.00
982 B 6 4 45-47 53.96 2506.41 1.23 0.00 0.00 0.00 0.00 0.60 0.30 1.57 0.11
982 B 6 4 52.5-54.5 54.04 2508.54 2.02 0.00 0.00 0.00 0.00 0.71 0.36 1.78 0.12
982 B 6 4 60-62 54.11 2510.68 2.58 0.00 0.00 0.00 0.00 1.43 0.60 3.37 0.37
982 B 6 4 67.5-69.5 54.19 2512.81 1.82 0.00 0.00 0.00 0.00 1.37 0.71 2.52 0.00
982 B 6 4 75-77 54.26 2514.95 3.15 0.00 0.00 0.00 0.00 1.32 1.12 2.11 0.00
982 B 6 4 82.5-84.5 54.34 2517.08 1.44 0.00 0.00 0.00 0.00 0.80 0.71 1.18 0.14
982 B 6 4 90-92 54.41 2519.21 0.73 0.00 0.05 0.00 0.00 1.32 0.85 2.78 0.14
982 B 6 4 97.5-99.5 54.49 2521.35 0.87 0.00 0.00 0.00 0.00 1.74 0.84 2.07 0.17
982 B 6 4 105-107 54.56 2523.48 1.15 0.00 0.10 0.00 0.00 3.05 1.66 6.66 0.00
982 B 6 4 112.5-114.5 54.64 2525.71 0.90 0.00 0.06 0.00 0.00 1.83 0.96 5.92 0.08
982 B 6 4 120-122 54.71 2528.08 0.68 0.03 0.06 0.00 0.00 1.72 3.43 4.41 0.25
982 B 6 4 127.5-129.5 54.79 2530.67 1.11 0.00 0.00 0.00 0.00 2.66 1.60 6.66 0.27
982 B 6 4 135-137 54.86 2533.33 1.20 0.04 0.00 0.00 0.00 2.63 1.05 4.47 0.26
982 B 6 4 142.5-144.5 54.94 2536.01 0.83 0.00 0.08 0.00 0.00 2.76 1.81 1.57 0.16
982 B 6 5 0-2 55.01 2538.80 0.75 0.00 0.00 0.00 0.05 1.74 0.71 2.59 0.05
982 B 6 5 7.5-9.5 55.09 2541.60 1.10 0.04 0.00 0.00 0.00 2.59 1.00 2.79 0.00
982 B 6 5 15-17 55.16 2544.40 0.79 0.04 0.00 0.00 0.04 1.05 0.60 3.43 0.00
982 B 6 5 22.5-24.5 55.24 2547.18 0.50 0.03 0.06 0.00 0.00 1.69 1.23 2.91 0.15
982 B 6 5 30-32 55.31 2549.66 0.19 0.00 0.00 0.00 0.00 0.64 0.21 1.06 0.13
982 B 6 5 37.5-39.5 55.39 2552.05 0.43 0.00 0.00 0.00 0.00 0.86 0.40 0.61 0.05
982 B 6 5 45-47 55.46 2554.28 0.57 0.00 0.00 0.00 0.04 1.03 0.26 1.03 0.00
982 B 6 5 52.5-54.5 55.54 2556.52 0.56 0.00 0.00 0.00 0.00 1.20 0.56 1.28 0.00
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982 B 6 5 60-62 55.61 2558.53 1.20 0.08 0.00 0.00 0.00 2.33 0.26 3.10 0.00
982 B 6 5 67.5-69.5 55.69 2560.20 1.28 0.00 0.00 0.00 0.00 1.65 1.03 3.50 0.41
982 B 6 5 75-77 55.76 2561.70 1.48 0.00 0.00 0.00 0.00 1.54 2.51 5.21 0.58
982 B 6 5 82.5-84.5 55.84 2563.17 1.46 0.00 0.00 0.00 0.00 3.05 1.53 4.14 0.00
982 B 6 5 90-92 55.91 2564.62 0.90 0.00 0.06 0.00 0.00 2.16 1.73 4.31 0.00
982 B 6 5 97.5-99.5 55.99 2566.06 0.67 0.00 0.07 0.00 0.00 1.23 1.23 3.69 0.41
982 B 6 5 105-107 56.06 2567.50 0.72 0.00 0.00 0.00 0.00 2.08 1.25 4.99 0.21
982 B 6 5 112.5-114.5 56.14 2568.94 0.87 0.00 0.00 0.00 0.00 1.56 0.00 2.53 0.00
982 B 6 5 120-122 56.21 2570.39 0.82 0.00 0.00 0.00 0.00 2.08 0.62 1.66 0.00
982 B 6 5 127.5-129.5 56.29 2571.83 0.67 0.00 0.00 0.00 0.00 1.40 1.23 2.10 0.18
982 B 6 5 135-137 56.36 2573.27 0.43 0.00 0.04 0.00 0.00 2.04 0.74 2.04 0.00
982 B 6 5 142.5-144.5 56.44 2574.71 0.95 0.00 0.08 0.00 0.00 2.04 1.30 5.37 0.00
982 B 6 6 0-2 56.51 2576.16 1.67 0.04 0.04 0.00 0.00 2.10 0.63 3.78 0.21
982 B 6 6 7.5-9.5 56.59 2577.60 1.19 0.00 0.07 0.00 0.00 3.89 1.17 1.17 0.00
982 B 6 6 15-17 56.66 2579.05 1.44 0.09 0.11 0.00 0.00 1.89 0.76 3.03 0.00
982 B 6 6 22.5-24.5 56.74 2580.49 0.55 0.05 0.03 0.00 0.00 0.78 0.24 1.23 0.00
982 B 6 6 30-32 56.81 2581.93 0.68 0.08 0.04 0.00 0.00 0.82 0.23 1.13 0.08
982 B 6 6 37.5-39.5 56.89 2583.38 0.87 0.00 0.04 0.00 0.00 0.78 0.48 1.13 0.26
Table 6B: ODP Site 982 nannofossil assemblage data, ‘Productivity Transition’ (Chapter 
4), Coccolithus pelagicus (early growth) to Helicosphaera species.
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982 C 6 3 20-22 49.50 2241.94 0.00 0.00 0.18 0.09 0.00 0.72 0.90 0.72 0.09
982 C 6 3 40-42 49.78 2262.66 0.00 0.00 0.00 0.06 0.00 0.43 0.43 0.49 0.00
982 B 6 1 110-112 50.11 2288.48 0.00 0.00 0.06 0.12 0.00 2.73 3.47 11.15 0.00
982 B 6 1 130-132 50.31 2309.75 0.00 0.00 0.19 0.26 0.00 0.91 0.39 0.65 0.00
982 B 6 2 20-22 50.71 2354.94 0.00 0.00 0.19 0.06 0.00 1.17 0.19 0.84 0.00
982 B 6 2 40-42 50.91 2370.37 0.00 0.00 0.00 0.38 0.00 0.22 0.05 0.49 0.00
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982 B 6 2 60-62 51.11 2383.25 0.00 0.00 0.15 0.30 0.15 0.08 0.23 0.23 0.00
982 B 6 2 80-82 51.31 2394.94 0.00 0.00 0.42 0.17 0.00 0.42 0.17 0.00 0.00
982 B 6 2 100-102 51.51 2405.48 0.00 0.00 0.16 0.08 0.00 0.16 0.41 0.41 0.00
982 B 6 2 120-122 51.71 2414.00 0.00 0.00 0.00 0.33 0.11 2.98 1.21 2.98 0.00
982 B 6 2 140-142 51.91 2421.36 0.00 0.00 0.00 0.05 0.05 5.21 1.66 4.73 0.00
982 B 6 3 10-12 52.11 2428.75 0.00 0.00 0.19 0.09 0.00 0.56 0.56 1.04 0.00
982 B 6 3 30-32 52.31 2436.99 0.00 0.00 0.00 0.00 0.00 0.19 0.09 0.00 0.00
982 B 6 3 50-52 52.51 2446.86 0.00 0.00 0.00 0.00 0.00 0.47 0.58 0.42 0.00
982 B 6 3 70-72 52.71 2458.58 0.00 0.00 0.00 0.09 0.00 1.07 0.80 1.16 0.00
982 B 6 3 90-92 52.91 2470.30 0.00 0.00 0.00 0.08 0.00 1.86 1.77 3.55 0.00
982 B 6 3 110-112 53.11 2481.07 0.00 0.00 0.00 0.00 0.00 0.51 0.30 0.40 0.00
982 B 6 3 130-132 53.31 2487.88 0.00 0.00 0.06 0.06 0.00 0.39 0.56 0.33 0.00
982 B 6 4 0-2 53.51 2493.72 0.00 0.00 0.00 0.12 0.00 0.20 0.12 0.43 0.00
982 B 6 4 7.5-9.5 53.59 2495.82 0.00 0.00 0.00 0.06 0.00 0.06 0.00 0.11 0.00
982 B 6 4 15-17 53.66 2497.92 0.00 0.00 0.00 0.28 0.04 0.12 0.04 0.00 0.00
982 B 6 4 22.5-24.5 53.74 2500.02 0.00 0.00 0.00 0.10 0.00 0.10 0.05 0.25 0.00
982 B 6 4 30-32 53.81 2502.15 0.00 0.00 0.00 0.39 0.00 0.28 0.06 0.44 0.00
982 B 6 4 37.5-39.5 53.89 2504.28 0.00 0.00 0.00 0.18 0.05 0.09 0.14 0.28 0.00
982 B 6 4 45-47 53.96 2506.41 0.00 0.00 0.00 0.30 0.00 0.04 0.07 0.04 0.00
982 B 6 4 52.5-54.5 54.04 2508.54 0.00 0.00 0.00 0.12 0.00 0.04 0.04 0.04 0.00
982 B 6 4 60-62 54.11 2510.68 1.43 0.00 0.00 0.27 0.00 0.00 0.00 0.05 0.00
982 B 6 4 67.5-69.5 54.19 2512.81 2.13 0.00 0.00 0.09 0.00 0.05 0.00 0.05 0.00
982 B 6 4 75-77 54.26 2514.95 0.00 0.00 0.00 0.00 0.00 0.10 0.20 0.00 0.00
982 B 6 4 82.5-84.5 54.34 2517.08 0.95 0.00 0.00 0.00 0.00 0.05 0.05 0.00 0.00
982 B 6 4 90-92 54.41 2519.21 0.14 0.00 0.00 0.09 0.05 0.19 0.05 0.19 0.00
982 B 6 4 97.5-99.5 54.49 2521.35 0.50 0.00 0.00 0.00 0.00 0.17 0.00 0.06 0.00
982 B 6 4 105-107 54.56 2523.48 0.78 0.00 0.00 0.15 0.00 0.20 0.20 0.15 0.00
982 B 6 4 112.5-114.5 54.64 2525.71 0.04 0.00 0.00 0.04 0.00 0.16 0.28 0.48 0.00
982 B 6 4 120-122 54.71 2528.08 0.14 0.00 0.00 0.03 0.00 0.23 0.40 0.37 0.00
982 B 6 4 127.5-129.5 54.79 2530.67 0.19 0.00 0.00 0.09 0.33 0.43 0.57 0.00 0.00
982 B 6 4 135-137 54.86 2533.33 0.34 0.00 0.00 0.04 0.04 0.17 0.21 0.68 0.00
982 B 6 4 142.5-144.5 54.94 2536.01 0.16 0.00 0.00 0.39 0.00 0.47 0.63 0.63 0.00
982 B 6 5 0-2 55.01 2538.80 0.24 0.00 0.00 0.24 0.00 0.09 0.24 0.28 0.00
982 B 6 5 7.5-9.5 55.09 2541.60 0.30 0.00 0.04 0.23 0.00 0.11 0.57 0.42 0.00
982 B 6 5 15-17 55.16 2544.40 0.30 0.00 0.00 0.15 0.00 0.08 0.38 0.53 0.00
982 B 6 5 22.5-24.5 55.24 2547.18 0.47 0.00 0.00 0.18 0.00 0.38 0.47 0.82 0.00
982 B 6 5 30-32 55.31 2549.66 0.47 0.00 0.00 0.30 0.00 1.06 0.85 1.91 0.00
982 B 6 5 37.5-39.5 55.39 2552.05 0.20 0.00 0.00 0.10 0.00 1.16 0.81 0.86 0.00
982 B 6 5 45-47 55.46 2554.28 0.37 0.00 0.00 0.48 0.00 0.66 0.26 0.26 0.00
982 B 6 5 52.5-54.5 55.54 2556.52 0.16 0.00 0.00 2.17 0.04 0.68 0.24 0.12 0.00
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982 B 6 5 60-62 55.61 2558.53 0.23 0.00 0.00 0.27 0.00 0.58 0.16 0.08 0.00
982 B 6 5 67.5-69.5 55.69 2560.20 0.46 0.00 0.00 0.29 0.00 0.38 0.08 0.04 0.00
982 B 6 5 75-77 55.76 2561.70 0.58 0.00 0.00 0.44 0.00 0.44 0.00 0.11 0.00
982 B 6 5 82.5-84.5 55.84 2563.17 0.22 0.00 0.00 0.16 0.00 0.31 0.26 0.26 0.05
982 B 6 5 90-92 55.91 2564.62 0.43 0.00 0.00 0.29 0.00 0.37 0.11 0.33 0.00
982 B 6 5 97.5-99.5 55.99 2566.06 0.28 0.00 0.00 0.06 0.00 0.17 0.42 0.45 0.00
982 B 6 5 105-107 56.06 2567.50 0.83 0.00 0.00 0.07 0.00 0.77 0.24 0.77 0.00
982 B 6 5 112.5-114.5 56.14 2568.94 0.19 0.00 0.00 0.11 0.00 1.46 1.07 1.91 0.00
982 B 6 5 120-122 56.21 2570.39 0.42 0.04 0.00 0.17 0.00 1.59 1.33 1.76 0.00
982 B 6 5 127.5-129.5 56.29 2571.83 0.88 0.00 0.00 0.22 0.00 2.63 1.30 1.48 0.00
982 B 6 5 135-137 56.36 2573.27 0.19 0.00 0.00 0.17 0.00 2.19 0.56 1.42 0.00
982 B 6 5 142.5-144.5 56.44 2574.71 0.00 0.00 0.00 0.08 0.00 0.45 0.28 0.48 0.00
982 B 6 6 0-2 56.51 2576.16 0.00 0.00 0.00 0.16 0.00 0.35 0.19 0.31 0.00
982 B 6 6 7.5-9.5 56.59 2577.60 0.00 0.00 0.00 0.07 0.00 0.21 0.25 0.18 0.00
982 B 6 6 15-17 56.66 2579.05 0.00 0.00 0.00 0.04 0.00 0.17 0.17 0.22 0.00
982 B 6 6 22.5-24.5 56.74 2580.49 0.16 0.00 0.00 1.42 0.00 0.13 0.05 0.08 0.00
982 B 6 6 30-32 56.81 2581.93 0.00 0.00 0.00 0.00 0.00 0.12 0.16 0.19 0.00
982 B 6 6 37.5-39.5 56.89 2583.38 0.13 0.00 0.00 0.09 0.00 0.04 0.00 0.13 0.00
Table 6C: ODP Site 982 nannofossil assemblage data, ‘Productivity Transition’ (Chapter 
4), Pontosphaera multipora to Rhabdosphaera species.
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982 C 6 3 20-22 49.50 2241.94 1.89 0.09 0.36 1.08 6.17 66.52 0.00 0.00 0.18
982 C 6 3 40-42 49.78 2262.66 1.53 0.00 0.06 3.04 12.77 64.44 0.00 0.43 0.06
982 B 6 1 110-112 50.11 2288.48 3.63 0.00 0.00 1.51 5.45 56.51 0.00 0.48 0.00
982 B 6 1 130-132 50.31 2309.75 1.42 0.00 0.00 1.49 12.08 64.11 0.13 0.13 0.06
982 B 6 2 20-22 50.71 2354.94 0.91 0.26 0.00 1.49 4.06 61.74 0.00 0.06 0.06
982 B 6 2 40-42 50.91 2370.37 0.76 0.00 0.00 1.30 2.91 75.13 0.00 0.00 0.00
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982 B 6 2 60-62 51.11 2383.25 1.06 0.38 0.00 1.73 7.83 62.60 0.00 0.38 0.08
982 B 6 2 80-82 51.31 2394.94 2.66 0.50 0.00 1.66 3.17 65.71 0.08 0.17 0.00
982 B 6 2 100-102 51.51 2405.48 0.90 0.00 0.00 0.90 3.52 24.03 0.00 1.56 0.00
982 B 6 2 120-122 51.71 2414.00 1.54 0.00 0.00 1.65 15.82 28.13 0.00 3.08 0.22
982 B 6 2 140-142 51.91 2421.36 1.20 0.10 0.00 3.55 22.96 35.98 0.00 1.51 0.10
982 B 6 3 10-12 52.11 2428.75 3.48 0.00 0.00 2.07 24.90 25.44 0.00 4.06 0.09
982 B 6 3 30-32 52.31 2436.99 0.84 0.00 0.00 2.24 9.51 33.42 0.19 2.98 0.00
982 B 6 3 50-52 52.51 2446.86 0.42 0.00 0.00 3.76 18.35 18.12 0.00 1.89 0.00
982 B 6 3 70-72 52.71 2458.58 1.87 0.00 0.00 3.82 24.64 30.62 0.00 1.96 0.00
982 B 6 3 90-92 52.91 2470.30 1.13 0.16 0.00 4.44 31.11 30.44 0.00 1.61 0.00
982 B 6 3 110-112 53.11 2481.07 4.91 0.00 0.00 2.73 22.80 32.03 0.00 1.72 0.00
982 B 6 3 130-132 53.31 2487.88 2.00 0.00 0.00 3.15 9.44 63.15 0.06 1.33 0.00
982 B 6 4 0-2 53.51 2493.72 0.75 0.00 0.00 0.59 6.79 84.10 0.00 0.35 0.00
982 B 6 4 7.5-9.5 53.59 2495.82 1.21 0.00 0.00 0.72 4.36 86.55 0.00 0.22 0.00
982 B 6 4 15-17 53.66 2497.92 1.12 0.04 0.00 0.68 5.42 86.04 0.00 0.32 0.00
982 B 6 4 22.5-24.5 53.74 2500.02 1.16 0.00 0.00 0.65 5.92 83.09 0.00 0.45 0.00
982 B 6 4 30-32 53.81 2502.15 0.50 0.00 0.00 0.72 9.20 81.80 0.00 0.66 0.00
982 B 6 4 37.5-39.5 53.89 2504.28 0.60 0.09 0.00 0.50 7.37 84.46 0.00 0.28 0.00
982 B 6 4 45-47 53.96 2506.41 0.52 0.00 0.00 0.52 9.14 84.11 0.00 0.41 0.00
982 B 6 4 52.5-54.5 54.04 2508.54 0.91 0.04 0.00 0.24 7.56 85.05 0.00 0.36 0.00
982 B 6 4 60-62 54.11 2510.68 2.09 0.11 0.00 0.71 4.69 80.97 0.00 0.66 0.00
982 B 6 4 67.5-69.5 54.19 2512.81 2.71 0.00 0.00 0.94 4.07 82.36 0.05 0.57 0.00
982 B 6 4 75-77 54.26 2514.95 2.46 0.10 0.00 1.12 4.23 82.57 0.00 1.22 0.00
982 B 6 4 82.5-84.5 54.34 2517.08 1.99 0.09 0.00 0.76 5.08 85.77 0.19 0.33 0.00
982 B 6 4 90-92 54.41 2519.21 2.69 0.00 0.00 2.94 15.91 68.30 0.09 2.69 0.00
982 B 6 4 97.5-99.5 54.49 2521.35 2.24 0.06 0.00 1.51 13.17 75.37 0.06 0.90 0.00
982 B 6 4 105-107 54.56 2523.48 1.07 0.00 0.00 1.86 9.99 71.29 0.05 0.83 0.00
982 B 6 4 112.5-114.5 54.64 2525.71 0.44 0.00 0.00 0.76 7.99 78.99 0.04 0.28 0.04
982 B 6 4 120-122 54.71 2528.08 0.35 0.06 0.00 0.95 3.43 82.60 0.06 0.35 0.00
982 B 6 4 127.5-129.5 54.79 2530.67 0.33 0.05 0.00 1.09 3.99 78.83 0.14 0.85 0.00
982 B 6 4 135-137 54.86 2533.33 0.34 0.00 0.00 0.90 3.15 83.31 0.00 0.38 0.00
982 B 6 4 142.5-144.5 54.94 2536.01 0.31 0.00 0.00 1.73 3.37 83.68 0.00 0.31 0.00
982 B 6 5 0-2 55.01 2538.80 0.14 0.05 0.00 1.46 3.08 87.22 0.00 0.14 0.00
982 B 6 5 7.5-9.5 55.09 2541.60 0.34 0.15 0.00 0.79 1.60 87.03 0.00 0.00 0.04
982 B 6 5 15-17 55.16 2544.40 0.04 0.00 0.00 2.47 5.71 83.54 0.00 0.11 0.08
982 B 6 5 22.5-24.5 55.24 2547.18 0.15 0.03 0.00 1.69 5.67 82.52 0.00 0.12 0.00
982 B 6 5 30-32 55.31 2549.66 0.04 0.04 0.00 0.34 4.49 87.03 0.00 0.17 0.00
982 B 6 5 37.5-39.5 55.39 2552.05 0.10 0.05 0.00 0.51 6.34 86.96 0.00 0.05 0.00
982 B 6 5 45-47 55.46 2554.28 0.15 0.04 0.00 0.59 4.05 88.92 0.00 0.37 0.00
982 B 6 5 52.5-54.5 55.54 2556.52 0.12 0.04 0.00 0.60 4.33 87.01 0.00 0.20 0.04
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982 B 6 5 60-62 55.61 2558.53 0.16 0.31 0.00 0.66 7.49 80.62 0.00 0.35 0.00
982 B 6 5 67.5-69.5 55.69 2560.20 0.17 0.08 0.00 0.59 3.91 84.45 0.00 0.50 0.00
982 B 6 5 75-77 55.76 2561.70 0.44 0.16 0.00 0.60 5.40 77.92 0.00 0.49 0.00
982 B 6 5 82.5-84.5 55.84 2563.17 0.62 0.00 0.00 0.83 4.79 79.30 0.00 0.52 0.00
982 B 6 5 90-92 55.91 2564.62 0.40 0.04 0.00 0.81 3.88 82.63 0.00 0.48 0.04
982 B 6 5 97.5-99.5 55.99 2566.06 0.39 0.11 0.03 2.05 7.99 79.51 0.00 0.42 0.00
982 B 6 5 105-107 56.06 2567.50 0.54 0.13 0.00 0.74 4.78 80.46 0.07 0.27 0.03
982 B 6 5 112.5-114.5 56.14 2568.94 0.06 0.06 0.00 1.18 4.67 82.88 0.00 0.39 0.00
982 B 6 5 120-122 56.21 2570.39 0.09 0.00 0.00 2.71 4.99 80.54 0.00 0.47 0.04
982 B 6 5 127.5-129.5 56.29 2571.83 0.13 0.04 0.00 0.87 5.26 79.75 0.00 0.48 0.00
982 B 6 5 135-137 56.36 2573.27 0.17 0.13 0.00 0.73 5.20 82.27 0.00 0.39 0.00
982 B 6 5 142.5-144.5 56.44 2574.71 0.00 0.03 0.00 0.64 7.03 80.30 0.00 0.20 0.00
982 B 6 6 0-2 56.51 2576.16 0.08 0.19 0.00 1.12 6.51 81.43 0.00 0.47 0.00
982 B 6 6 7.5-9.5 56.59 2577.60 0.07 0.25 0.00 0.77 8.55 80.47 0.00 0.67 0.00
982 B 6 6 15-17 56.66 2579.05 0.26 0.22 0.00 1.29 9.28 78.79 0.00 0.99 0.00
982 B 6 6 22.5-24.5 56.74 2580.49 0.13 0.05 0.00 0.78 6.14 87.18 0.00 0.35 0.00
982 B 6 6 30-32 56.81 2581.93 0.08 0.08 0.00 0.74 5.96 88.58 0.00 0.43 0.00
982 B 6 6 37.5-39.5 56.89 2583.38 0.22 0.04 0.00 0.70 4.83 88.45 0.00 0.48 0.00
Table 6D: ODP Site 982 nannofossil assemblage data, ‘Productivity Transition’ (Chapter 
4), Scyphosphaera species to Umbilicosphaera jafari.
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982 C 6 3 20-22 49.50 2241.94 0.00 0.00 0.99 0.81 0.18 0.00 0.63
982 C 6 3 40-42 49.78 2262.66 0.00 0.00 1.22 0.31 0.06 0.00 0.98
982 B 6 1 110-112 50.11 2288.48 0.00 0.00 0.42 0.48 0.00 0.00 0.30
982 B 6 1 130-132 50.31 2309.75 0.00 0.00 1.10 0.19 0.00 0.00 0.78
982 B 6 2 20-22 50.71 2354.94 0.00 0.00 0.84 0.32 0.00 0.00 0.45
982 B 6 2 40-42 50.91 2370.37 0.00 0.00 0.76 0.11 0.00 0.00 0.54
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982 B 6 2 60-62 51.11 2383.25 0.00 0.00 1.88 0.00 0.00 0.00 0.83
982 B 6 2 80-82 51.31 2394.94 0.00 0.08 1.75 0.33 0.00 0.00 0.67
982 B 6 2 100-102 51.51 2405.48 0.00 0.00 0.90 0.41 0.00 0.00 0.08
982 B 6 2 120-122 51.71 2414.00 0.00 0.00 2.43 0.55 0.00 0.33 0.55
982 B 6 2 140-142 51.91 2421.36 0.00 0.00 1.04 0.52 0.10 0.05 0.42
982 B 6 3 10-12 52.11 2428.75 0.00 0.00 1.88 0.56 0.00 0.09 0.66
982 B 6 3 30-32 52.31 2436.99 0.00 0.00 2.14 0.19 0.00 0.00 0.65
982 B 6 3 50-52 52.51 2446.86 0.00 0.00 0.89 1.00 0.05 0.00 0.11
982 B 6 3 70-72 52.71 2458.58 0.00 0.00 3.83 0.36 0.00 0.00 0.53
982 B 6 3 90-92 52.91 2470.30 0.00 0.00 3.11 0.00 0.00 0.00 1.05
982 B 6 3 110-112 53.11 2481.07 0.00 0.00 2.63 0.20 0.00 0.00 0.91
982 B 6 3 130-132 53.31 2487.88 0.00 0.00 0.72 0.33 0.00 0.00 0.22
982 B 6 4 0-2 53.51 2493.72 0.00 0.00 0.83 0.08 0.00 0.00 0.00
982 B 6 4 7.5-9.5 53.59 2495.82 0.00 0.00 2.04 0.00 0.00 0.00 0.00
982 B 6 4 15-17 53.66 2497.92 0.00 0.00 1.68 0.04 0.00 0.00 0.00
982 B 6 4 22.5-24.5 53.74 2500.02 0.00 0.00 2.72 0.00 0.00 0.00 0.05
982 B 6 4 30-32 53.81 2502.15 0.00 0.00 2.21 0.00 0.00 0.00 0.00
982 B 6 4 37.5-39.5 53.89 2504.28 0.00 0.00 1.28 0.00 0.00 0.00 0.00
982 B 6 4 45-47 53.96 2506.41 0.00 0.00 0.93 0.04 0.00 0.00 0.07
982 B 6 4 52.5-54.5 54.04 2508.54 0.00 0.00 0.55 0.08 0.00 0.00 0.00
982 B 6 4 60-62 54.11 2510.68 0.00 0.00 0.55 0.05 0.00 0.00 0.05
982 B 6 4 67.5-69.5 54.19 2512.81 0.00 0.00 0.47 0.00 0.00 0.05 0.05
982 B 6 4 75-77 54.26 2514.95 0.00 0.00 0.20 0.00 0.00 0.00 0.10
982 B 6 4 82.5-84.5 54.34 2517.08 0.00 0.00 0.28 0.09 0.00 0.00 0.09
982 B 6 4 90-92 54.41 2519.21 0.00 0.00 0.24 0.28 0.09 0.00 0.19
982 B 6 4 97.5-99.5 54.49 2521.35 0.00 0.00 0.11 0.00 0.00 0.00 0.17
982 B 6 4 105-107 54.56 2523.48 0.00 0.00 0.59 0.20 0.00 0.00 0.05
982 B 6 4 112.5-114.5 54.64 2525.71 0.00 0.00 0.48 0.20 0.00 0.00 0.04
982 B 6 4 120-122 54.71 2528.08 0.00 0.00 0.32 0.14 0.00 0.00 0.00
982 B 6 4 127.5-129.5 54.79 2530.67 0.00 0.00 0.28 0.47 0.00 0.00 0.05
982 B 6 4 135-137 54.86 2533.33 0.00 0.00 0.43 0.34 0.00 0.00 0.00
982 B 6 4 142.5-144.5 54.94 2536.01 0.00 0.00 0.79 0.08 0.00 0.00 0.24
982 B 6 5 0-2 55.01 2538.80 0.00 0.00 0.85 0.05 0.00 0.00 0.05
982 B 6 5 7.5-9.5 55.09 2541.60 0.00 0.00 0.79 0.08 0.00 0.00 0.00
982 B 6 5 15-17 55.16 2544.40 0.00 0.00 0.60 0.08 0.00 0.00 0.00
982 B 6 5 22.5-24.5 55.24 2547.18 0.00 0.00 0.91 0.03 0.00 0.00 0.00
982 B 6 5 30-32 55.31 2549.66 0.00 0.00 1.06 0.00 0.00 0.00 0.00
982 B 6 5 37.5-39.5 55.39 2552.05 0.00 0.00 0.46 0.05 0.00 0.00 0.00
982 B 6 5 45-47 55.46 2554.28 0.00 0.00 0.88 0.04 0.00 0.00 0.04
982 B 6 5 52.5-54.5 55.54 2556.52 0.00 0.00 0.64 0.00 0.00 0.00 0.00
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982 B 6 5 60-62 55.61 2558.53 0.00 0.00 1.98 0.16 0.00 0.00 0.00
982 B 6 5 67.5-69.5 55.69 2560.20 0.00 0.00 1.09 0.08 0.00 0.00 0.00
982 B 6 5 75-77 55.76 2561.70 0.00 0.00 1.87 0.16 0.00 0.05 0.00
982 B 6 5 82.5-84.5 55.84 2563.17 0.00 0.16 2.24 0.10 0.00 0.00 0.00
982 B 6 5 90-92 55.91 2564.62 0.00 0.04 0.81 0.11 0.04 0.00 0.04
982 B 6 5 97.5-99.5 55.99 2566.06 0.00 0.00 0.73 0.06 0.00 0.00 0.06
982 B 6 5 105-107 56.06 2567.50 0.07 0.07 0.84 0.03 0.00 0.00 0.03
982 B 6 5 112.5-114.5 56.14 2568.94 0.00 0.11 0.84 0.06 0.00 0.00 0.06
982 B 6 5 120-122 56.21 2570.39 0.00 0.04 0.60 0.00 0.00 0.00 0.00
982 B 6 5 127.5-129.5 56.29 2571.83 0.00 0.04 1.13 0.09 0.00 0.00 0.13
982 B 6 5 135-137 56.36 2573.27 0.00 0.00 1.20 0.00 0.00 0.00 0.09
982 B 6 5 142.5-144.5 56.44 2574.71 0.00 0.03 0.67 0.08 0.00 0.00 0.00
982 B 6 6 0-2 56.51 2576.16 0.00 0.00 0.66 0.04 0.00 0.00 0.04
982 B 6 6 7.5-9.5 56.59 2577.60 0.07 0.04 0.70 0.14 0.00 0.00 0.11
982 B 6 6 15-17 56.66 2579.05 0.04 0.09 0.78 0.30 0.00 0.00 0.04
982 B 6 6 22.5-24.5 56.74 2580.49 0.00 0.00 0.51 0.03 0.00 0.11 0.00
982 B 6 6 30-32 56.81 2581.93 0.00 0.04 0.47 0.04 0.00 0.00 0.08
982 B 6 6 37.5-39.5 56.89 2583.38 0.00 0.00 1.13 0.04 0.00 0.00 0.13
Table 7A: IODP Site U1313 Cibicidoides wuellerstorfi benthic foraminiferal stable 
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1313 C 12 3 112 114.12 2413.84 1.12 2.72
1313 C 12 3 122 114.22 2415.81 0.89 2.59
1313 C 12 3 132 114.32 2417.78 1.01 2.66
1313 C 12 3 142 114.42 2419.75 1.17 2.72
1313 C 12 4 2 114.52 2421.72 0.91 2.64
1313 C 12 4 12 114.62 2423.69 0.50 2.75
1313 C 12 4 22 114.72 2425.66 0.93 2.73
1313 C 12 4 32 114.82 2427.63 0.49 3.01
1313 C 12 4 42 114.92 2429.61 0.14 3.38
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1313 C 12 4 52 115.02 2431.58 0.29 3.37
1313 C 12 4 62 115.12 2433.55 0.18 3.77
1313 C 12 4 72 115.22 2435.52 0.27 3.66
1313 C 12 4 82 115.32 2437.49 0.60 3.43
1313 C 12 4 92 115.42 2439.46 0.06 3.62
1313 C 12 4 102 115.52 2441.43 0.84 3.29
1313 C 12 4 112 115.62 2443.40 0.26 3.48
1313 C 12 4 122 115.72 2445.37 0.70 3.07
1313 C 12 4 132 115.82 2447.35 0.53 3.46
1313 C 12 4 142 115.92 2449.32 0.36 3.49
1313 C 12 5 4 116.04 2451.68 0.71 3.40
1313 C 12 5 14 116.14 2453.53 0.61 3.10
1313 C 12 5 24 116.24 2455.21 -0.08 3.27
1313 C 12 5 34 116.34 2456.90 0.14 3.06
1313 C 12 5 44 116.44 2458.58 0.86 2.83
1313 C 12 5 54 116.54 2460.27 0.94 2.88
1313 B 12 2 118 116.62 2461.62 1.00 2.66
1313 B 12 2 128 116.72 2463.30 0.85 2.52
1313 B 12 2 138 116.82 2464.99 1.05 2.59
1313 B 12 2 148 116.92 2466.67 1.10 2.57
1313 B 12 3 8 117.02 2468.36 0.99 2.56
1313 B 12 3 18 117.12 2470.04 0.81 2.72
1313 B 12 3 28 117.22 2471.73 1.00 2.60
1313 B 12 3 38 117.32 2473.42 0.83 2.87
1313 B 12 3 48 117.42 2475.10 0.76 2.89
1313 B 12 3 58 117.52 2476.79 0.59 3.14
1313 B 12 3 68 117.62 2478.47 0.04 3.19
1313 B 12 3 78 117.72 2480.69 -0.13 3.19
1313 B 12 3 88 117.82 2483.02 -0.15 3.88
1313 B 12 3 98 117.92 2485.36 0.06 3.76
1313 B 12 3 108 118.02 2487.69 0.18 3.79
1313 B 12 3 118 118.12 2490.02 0.57 3.42
1313 B 12 3 128 118.22 2492.36 0.30 3.33
1313 B 12 3 138 118.32 2494.68 0.82 3.20
1313 B 12 3 148 118.42 2496.44 0.93 3.07
1313 B 12 4 8 118.52 2498.20 0.82 2.95
1313 B 12 4 18 118.62 2499.97 0.82 2.62
1313 B 12 4 28 118.72 2501.73 0.78 2.58
1313 B 12 4 48 118.92 2505.25 0.78 2.79
1313 B 12 4 58 119.02 2507.01 0.74 2.99
1313 B 12 4 60 119.04 2507.37 -0.04 2.86
1313 B 12 4 62 119.06 2507.72 0.74 2.92
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1313 B 12 4 64 119.08 2508.07 0.68 2.65
1313 B 12 4 66 119.10 2508.42 0.70 3.02
1313 B 12 4 68 119.12 2508.78 0.76 2.99
1313 B 12 4 70 119.14 2509.13 0.69 3.00
1313 B 12 4 72 119.16 2509.48 0.24 2.82
1313 B 12 4 74 119.18 2509.83 0.42 3.06
1313 B 12 4 76 119.20 2510.19 0.34 2.92
1313 B 12 4 78 119.22 2510.54 0.36 3.06
1313 B 12 4 82 119.26 2511.34 0.19 3.29
1313 B 12 4 84 119.28 2511.80 0.53 3.45
1313 B 12 4 86 119.30 2512.27 0.38 3.49
1313 B 12 4 88 119.32 2512.73 0.07 3.63
1313 B 12 4 90 119.34 2513.20 0.54 3.94
1313 B 12 4 92 119.36 2513.66 0.16 3.70
1313 B 12 4 94 119.38 2514.12 0.51 3.69
1313 B 12 4 96 119.40 2514.59 0.12 3.43
1313 B 12 4 98 119.42 2515.05 0.42 3.59
1313 B 12 4 100 119.44 2515.52 0.32 3.66
1313 B 12 4 102 119.46 2515.98 -0.15 3.52
1313 B 12 4 104 119.48 2516.45 -0.06 3.67
1313 B 12 4 106 119.50 2516.91 0.05 3.76
1313 B 12 4 108 119.52 2517.37 -0.03 3.75
1313 B 12 4 110 119.54 2517.84 0.10 3.71
1313 B 12 4 112 119.56 2518.30 -0.28 3.62
1313 B 12 4 114 119.58 2518.77 -0.67 3.75
1313 B 12 4 116 119.60 2519.23 -0.40 3.75
1313 B 12 4 118 119.62 2519.70 -0.23 3.82
1313 B 12 4 120 119.64 2520.16 -0.25 3.79
1313 B 12 4 122 119.66 2520.63 -0.39 3.77
1313 B 12 4 124 119.68 2521.09 -0.17 3.76
1313 B 12 4 126 119.70 2521.55 -0.09 3.58
1313 B 12 4 128 119.72 2522.02 -0.45 3.72
1313 B 12 4 130 119.74 2522.48 -0.09 3.33
1313 B 12 4 132 119.76 2522.95 0.10 3.43
1313 B 12 4 134 119.78 2523.41 -0.09 3.30
1313 B 12 4 136 119.80 2523.88 -0.24 3.60
1313 B 12 4 138 119.82 2524.34 0.35 3.67
1313 B 12 4 140 119.84 2524.81 -0.23 3.44
1313 B 12 4 142 119.86 2525.27 0.17 3.47
1313 B 12 4 144 119.88 2525.73 -0.35 3.54
1313 B 12 4 146 119.90 2526.20 -0.09 3.57
1313 B 12 4 148 119.92 2526.66 -0.08 3.81
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1313 B 12 5 0 119.94 2527.13 -0.05 3.77
1313 B 12 5 2 119.96 2527.59 -0.17 3.66
1313 B 12 5 4 119.98 2528.06 -0.39 3.47
1313 B 12 5 6 120.00 2528.52 -0.51 3.61
1313 B 12 5 8 120.02 2528.99 -0.30 3.66
1313 B 12 5 10 120.04 2529.45 -0.05 3.66
1313 B 12 5 12 120.06 2529.91 -0.23 3.60
1313 B 12 5 14 120.08 2530.38 -0.14 3.71
1313 B 12 5 16 120.10 2530.84 0.00 3.59
1313 B 12 5 18 120.12 2531.31 0.12 3.44
1313 B 12 5 20 120.14 2531.77 -0.06 3.43
1313 B 12 5 22 120.16 2532.24 0.09 3.59
1313 B 12 5 24 120.18 2532.70 0.45 3.45
1313 B 12 5 26 120.20 2533.16 0.45 3.46
1313 B 12 5 28 120.22 2533.63 0.22 3.47
1313 B 12 5 30 120.24 2534.09 0.62 3.35
1313 B 12 5 32 120.26 2534.56 0.43 3.27
1313 B 12 5 34 120.28 2535.02 0.34 3.29
1313 B 12 5 36 120.30 2535.49 0.43 2.84
1313 B 12 5 38 120.32 2535.95 0.67 3.22
1313 B 12 5 40 120.34 2536.42 0.46 3.22
1313 B 12 5 42 120.36 2536.88 0.29 2.98
1313 B 12 5 48 120.42 2538.27 0.43 3.27
1313 B 12 5 50 120.44 2538.74 0.78 3.07
1313 B 12 5 60 120.54 2540.88 0.77 2.93
1313 B 12 5 70 120.64 2542.87 0.83 2.82
1313 B 12 5 80 120.74 2544.87 1.04 2.60
1313 B 12 5 90 120.84 2546.86 1.15 2.62
1313 B 12 5 100 120.94 2548.85 0.95 2.45
1313 B 12 5 110 121.04 2550.85 1.01 2.44
1313 B 12 5 120 121.14 2552.84 0.95 2.42
1313 B 12 5 130 121.24 2554.84 0.99 2.55
1313 B 12 5 140 121.34 2556.83 0.83 2.73
1313 B 12 6 2 121.46 2559.10 0.90 2.72
1313 B 12 6 12 121.56 2560.75 1.02 2.78
1313 B 12 6 22 121.66 2562.40 0.95 2.81
1313 B 12 6 32 121.76 2564.05 0.91 2.75
1313 B 12 6 42 121.86 2565.69 1.00 2.89
1313 B 12 6 52 121.96 2567.34 0.60 2.91
1313 B 12 6 62 122.06 2568.99 1.02 2.82
1313 B 12 6 72 122.16 2570.63 0.98 2.82
1313 B 12 6 82 122.26 2572.28 0.94 2.81
Appendix A - Data Tables     175
Si
te
H
ol
e
C
or
e
Se
ct
io
n
In
te
rv
al
 (t
op
) (
cm
)
R
M
C
D
 (m
)
LR
04
 A
ge
 (k
a)
δ
13
C
 C
ib
ici
do
id
es 
wu
ell
er
sto
rfi
 (‰
 
vP
D
B)
δ
18
0 
Ci
bi
cid
oid
es 
wu
ell
er
sto
rfi
  
co
rr
ec
te
d 
to
 eq
ui
lib
riu
m
 ca
lc
ite
 
(‰
 vP
D
B)
1313 B 12 6 92 122.36 2573.93 0.95 2.76
1313 B 12 6 102 122.46 2575.57 0.84 2.78
1313 B 12 6 112 122.56 2577.22 0.13 2.65
1313 B 12 6 122 122.66 2579.45 0.83 2.57
1313 C 13 2 144 122.74 2581.27 0.99 2.44
1313 C 13 3 0 122.80 2582.63 1.33 2.59
1313 C 13 3 4 122.84 2583.54 1.05 2.45
1313 C 13 3 14 122.94 2585.81 0.59 2.73
1313 C 13 3 24 123.04 2588.08 0.93 2.52
1313 C 13 3 34 123.14 2590.35 0.20 2.64
1313 C 13 3 44 123.24 2592.63 0.77 3.05
1313 C 13 3 54 123.34 2595.07 0.76 3.01
1313 C 13 3 64 123.44 2597.59 0.66 3.13
1313 C 13 3 74 123.54 2600.11 0.38 3.53
1313 C 13 3 84 123.64 2602.63 0.16 3.39
1313 C 13 3 94 123.74 2605.15 0.94 2.82
1313 C 13 3 104 123.84 2607.67 0.43 3.26
1313 C 13 3 114 123.94 2610.19 0.65 3.10
1313 C 13 3 124 124.04 2612.71 0.72 3.02
1313 C 13 3 134 124.14 2615.05 0.97 2.76
1313 C 13 3 144 124.24 2617.24 0.83 2.57
1313 C 13 4 6 124.36 2619.86 0.51 2.45
1313 C 13 4 16 124.46 2622.05 0.99 2.59
1313 C 13 4 26 124.56 2624.24 0.95 2.70
1313 B 13 1 74 124.74 2628.17 1.04 2.47
1313 B 13 1 84 124.84 2630.36 0.85 2.60
1313 B 13 1 94 124.94 2632.55 0.94 2.39
1313 B 13 1 104 125.04 2634.73 0.92 2.83
1313 B 13 1 114 125.14 2636.92 0.89 2.80
1313 B 13 1 124 125.24 2638.71 0.79 2.98
1313 B 13 1 134 125.34 2640.49 0.74 2.85
1313 B 13 1 144 125.44 2642.28 0.80 3.18
1313 B 13 2 5 125.55 2644.24 0.51 3.18
1313 B 13 2 15 125.65 2646.02 0.88 3.09
1313 B 13 2 25 125.76 2647.98 0.81 2.95
1313 B 13 2 35 125.86 2649.77 0.79 2.95
1313 B 13 2 45 125.96 2651.63 0.81 2.73
1313 B 13 2 55 126.06 2654.09 0.86 2.70
1313 B 13 2 65 126.16 2656.55 1.08 2.51
1313 B 13 2 75 126.26 2659.01 0.92 2.50
1313 B 13 2 85 126.36 2661.47 1.12 2.49
1313 B 13 2 95 126.46 2663.93 0.92 2.48
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1313 B 13 2 105 126.56 2666.39 1.13 2.47
1313 B 13 2 115 126.66 2668.85 0.88 2.49
1313 B 13 2 125 126.76 2671.31 0.76 2.49
1313 B 13 2 135 126.86 2673.77 0.92 2.59
1313 B 13 2 145 126.96 2676.23 0.92 2.91
1313 B 13 3 5 127.06 2678.70 1.02 2.83
1313 B 13 3 15 127.16 2680.81 0.65 2.88
1313 B 13 3 25 127.26 2682.42 0.73 2.86
1313 B 13 3 35 127.36 2684.04 0.69 3.19
1313 B 13 3 45 127.46 2685.65 0.64 3.22
1313 B 13 3 55 127.56 2687.26 0.74 3.26
1313 B 13 3 65 127.66 2688.88 1.00 3.29
1313 B 13 3 75 127.76 2690.63 0.84 3.04
1313 B 13 3 85 127.86 2692.70 0.54 3.07
1313 B 13 3 95 127.96 2694.76 0.88 3.03
1313 B 13 3 105 128.06 2696.83 0.79 3.01
1313 B 13 3 115 128.16 2698.89 0.82 2.95
1313 B 13 3 125 128.26 2700.96 0.63 3.08
1313 B 13 3 135 128.36 2703.02 0.45 3.06
1313 B 13 3 145 128.46 2705.02 0.42 3.25
1313 B 13 4 5 128.56 2706.95 0.62 3.20
1313 B 13 4 15 128.66 2708.88 0.42 3.31
1313 B 13 4 25 128.76 2710.81 0.47 3.37
1313 B 13 4 35 128.86 2712.73 0.51 3.23
1313 B 13 4 45 128.96 2714.66 0.44 3.32
1313 B 13 4 55 129.06 2716.59 0.55 3.45
1313 B 13 4 65 129.16 2718.52 0.40 3.37
1313 B 13 4 75 129.26 2720.45 0.39 3.24
1313 B 13 4 85 129.36 2722.38 0.54 3.24
1313 B 13 4 95 129.46 2724.31 0.45 3.29
1313 B 13 4 105 129.56 2726.23 0.87 3.10
1313 B 13 4 115 129.66 2728.16 0.70 3.03
1313 B 13 4 125 129.76 2730.09 0.65 3.01
1313 B 13 4 135 129.86 2732.22 0.67 2.85
1313 B 13 4 145 129.96 2734.53 0.42 2.47
1313 B 13 5 5 130.06 2736.84 0.61 2.65
1313 B 13 5 15 130.16 2739.16 1.02 2.44
1313 B 13 5 25 130.26 2741.47 1.00 2.47
1313 B 13 5 35 130.36 2743.78 1.01 2.45
1313 B 13 5 45 130.46 2746.09 0.95 2.50
1313 B 13 5 55 130.56 2748.40 0.46 2.39
1313 B 13 5 65 130.66 2750.72 0.81 2.65
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1313 B 13 5 75 130.76 2753.20 0.83 2.60
1313 B 13 5 85 130.86 2755.91 0.87 2.68
1313 B 13 5 95 130.96 2758.63 0.78 2.64
1313 B 13 5 105 131.06 2761.34 0.61 2.70
1313 B 13 5 115 131.16 2764.05 0.82 2.75
1313 B 13 5 125 131.26 2766.76 0.47 2.81
1313 B 13 5 135 131.36 2769.48 0.87 2.67
1313 B 13 5 145 131.46 2772.19 0.96 2.65
1313 B 13 6 5 131.56 2774.90 1.14 2.65
1313 B 13 6 15 131.66 2777.61 0.83 2.58
1313 B 13 6 25 131.76 2780.33 0.70 2.48
1313 B 13 6 35 131.86 2783.04 0.89 2.57
1313 B 13 6 45 131.96 2785.75 1.09 2.47
1313 B 13 6 55 132.06 2788.47 0.88 2.55
1313 B 13 6 65 132.16 2791.18 0.73 2.59
1313 B 13 6 75 132.26 2793.89 0.47 2.63
1313 C 14 2 30 132.36 2796.60 1.00 2.66
1313 C 14 2 40 132.46 2799.87 0.57 2.98
1313 C 14 2 50 132.56 2803.22 0.63 3.02
1313 C 14 2 60 132.66 2806.58 0.79 3.17
1313 C 14 2 70 132.76 2809.94 0.75 3.04
1313 C 14 2 80 132.86 2813.29 0.54 2.82
1313 C 14 2 90 132.96 2816.65 0.78 2.94
1313 C 14 2 100 133.06 2820.01 0.68 2.78
1313 C 14 2 110 133.16 2821.78 1.08 2.66
1313 C 14 2 120 133.26 2823.54 1.10 2.64
1313 C 14 2 130 133.36 2825.29 1.11 2.60
1313 C 14 2 140 133.46 2827.05 0.88 2.62
1313 C 14 3 10 133.66 2830.56 1.30 2.48
1313 C 14 3 20 133.76 2832.32 1.01 2.57
1313 C 14 3 30 133.86 2834.07 1.14 2.53
1313 C 14 3 40 133.96 2835.83 0.86 2.74
1313 C 14 3 50 134.06 2837.58 1.07 2.64
1313 C 14 3 60 134.16 2839.82 0.90 2.86
1313 C 14 3 70 134.26 2842.33 0.86 2.80
1313 C 14 3 80 134.36 2844.83 0.73 2.82
1313 C 14 3 90 134.46 2847.33 0.94 3.00
1313 C 14 3 100 134.56 2849.84 0.71 2.90
1313 C 14 3 110 134.66 2852.34 0.95 2.84
1313 C 14 3 120 134.76 2854.84 0.85 2.90
1313 C 14 3 130 134.86 2857.35 0.79 2.75
1313 C 14 3 140 134.96 2859.79 0.93 2.68
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1313 C 14 4 0 135.06 2862.22 0.95 2.58
1313 C 14 4 10 135.16 2864.65 0.97 2.67
1313 C 14 4 20 135.26 2867.08 1.03 2.49
1313 C 14 4 30 135.36 2869.51 1.08 2.68
1313 C 14 4 40 135.46 2871.94 1.03 2.53
1313 C 14 4 50 135.56 2874.37 0.84 2.64
1313 C 14 4 60 135.66 2876.62 0.73 2.71
1313 C 14 4 70 135.76 2878.38 0.57 2.85
1313 C 14 4 80 135.86 2880.14 0.72 2.88
1313 C 14 4 90 135.96 2881.89 0.77 2.86
1313 C 14 4 100 136.06 2883.65 0.79 2.80
1313 C 14 4 110 136.16 2885.41 0.83 2.81
1313 C 14 4 120 136.26 2887.17 0.67 2.89
1313 C 14 4 130 136.36 2888.93 0.83 2.67
1313 C 14 4 140 136.46 2890.69 0.65 2.80
1313 C 14 5 0 136.56 2892.46 0.65 2.71
1313 C 14 5 10 136.66 2894.40 0.98 2.71
1313 C 14 5 20 136.76 2896.34 0.87 2.59
1313 C 14 5 30 136.86 2898.29 0.86 2.59
1313 C 14 5 40 136.96 2900.23 0.96 2.47
1313 C 14 5 50 137.06 2902.18 0.91 2.61
1313 C 14 5 60 137.16 2904.12 0.92 2.68
1313 C 14 5 70 137.26 2906.07 0.69 2.68
1313 C 14 5 80 137.36 2908.01 0.84 2.54
1313 C 14 5 90 137.46 2909.96 0.49 2.66
1313 C 14 5 100 137.56 2911.90 0.81 2.65
1313 C 14 5 110 137.66 2914.50 0.79 2.88
1313 C 14 5 120 137.76 2917.20 0.78 2.83
1313 B 14 3 30 137.78 2917.73 0.61 2.90
1313 B 14 3 40 137.88 2920.43 0.52 2.96
1313 B 14 3 50 137.98 2923.12 0.65 2.95
1313 B 14 3 60 138.08 2925.81 0.72 3.07
1313 B 14 3 70 138.18 2928.50 0.61 2.98
1313 B 14 3 80 138.28 2931.19 0.65 2.82
1313 B 14 3 90 138.38 2933.89 0.37 2.82
1313 B 14 3 100 138.48 2936.58 0.59 2.64
1313 B 14 3 110 138.58 2938.75 0.70 2.56
1313 B 14 3 120 138.68 2940.73 0.98 2.39
1313 B 14 3 130 138.78 2942.71 0.86 2.43
1313 B 14 3 140 138.88 2944.68 0.78 2.30
1313 B 14 4 0 138.98 2946.66 0.74 2.46
1313 B 14 4 10 139.08 2948.64 0.80 2.27
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1313 B 14 4 20 139.18 2950.62 0.95 2.26
1313 B 14 4 50 139.48 2956.55 0.90 2.38
1313 B 14 4 60 139.58 2958.53 0.96 2.59
1313 B 14 4 80 139.78 2962.48 0.89 2.44
1313 B 14 4 100 139.98 2966.42 0.93 2.63
1313 B 14 4 110 140.08 2968.39 0.55 2.68
1313 B 14 4 120 140.18 2970.35 0.81 2.66
1313 B 14 4 130 140.28 2972.31 0.71 2.63
1313 B 14 4 140 140.38 2974.28 0.84 2.68
1313 B 14 5 0 140.48 2976.24 0.49 2.68
1313 B 14 5 10 140.58 2978.20 0.49 2.80
1313 B 14 5 20 140.68 2980.17 0.66 2.68
1313 B 14 5 30 140.78 2982.13 0.86 2.61
1313 B 14 5 40 140.88 2984.37 0.81 2.46
1313 B 14 5 50 140.98 2986.72 0.95 2.42
1313 B 14 5 60 141.08 2989.06 0.65 2.43
1313 B 14 5 70 141.18 2991.40 0.81 2.46
1313 B 14 5 80 141.28 2993.74 0.67 2.40
1313 C 15 1 70 141.36 2995.61 0.43 2.85
1313 B 14 5 90 141.38 2996.08 0.65 2.69
1313 C 15 1 80 141.46 2997.95 0.72 2.78
1313 B 14 5 100 141.48 2998.42 0.76 2.61
1313 C 15 1 90 141.56 3000.56 0.78 2.79
1313 C 15 1 100 141.66 3003.60 0.66 2.77
1313 C 15 1 110 141.76 3006.63 0.59 2.83
1313 C 15 1 120 141.86 3009.67 0.54 2.92
1313 C 15 1 130 141.96 3012.70 0.42 2.63
1313 C 15 1 140 142.06 3015.73 0.51 2.79
1313 C 15 2 0 142.16 3018.77 0.55 2.84
1313 C 15 2 10 142.26 3021.80 0.43 2.71
1313 C 15 2 20 142.36 3024.84 0.58 2.69
1313 C 15 2 30 142.46 3027.81 0.67 2.54
1313 C 15 2 40 142.56 3030.64 0.61 2.40
1313 C 15 2 50 142.66 3033.47 0.69 2.46
1313 C 15 2 60 142.76 3036.30 0.73 2.64
1313 C 15 2 80 142.96 3041.96 0.69 2.48
1313 C 15 2 90 143.06 3044.79 0.50 2.44
1313 C 15 2 100 143.16 3047.63 0.37 2.58
1313 C 15 2 110 143.26 3050.46 0.50 2.69
1313 C 15 2 120 143.36 3053.29 0.58 2.59
1313 C 15 2 130 143.46 3056.01 0.68 2.53
1313 C 15 2 140 143.56 3058.52 0.53 2.55
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1313 C 15 3 0 143.66 3061.03 0.81 2.41
1313 C 15 3 10 143.76 3063.54 0.78 2.39
1313 C 15 3 20 143.86 3066.05 0.64 2.38
1313 C 15 3 30 143.96 3068.56 0.86 2.47
1313 C 15 3 40 144.06 3071.08 0.91 2.42
1313 C 15 3 50 144.16 3073.59 1.02 2.38
1313 C 15 3 60 144.26 3076.10 0.87 2.39
1313 C 15 3 70 144.36 3078.61 1.05 2.42
1313 C 15 3 80 144.46 3081.12 0.91 2.28
1313 C 15 3 90 144.56 3083.63 0.84 2.39
1313 C 15 3 100 144.66 3086.14 0.82 2.35
1313 C 15 3 110 144.76 3088.38 0.90 2.59
1313 C 15 3 120 144.86 3090.31 0.63 2.31
1313 C 15 3 130 144.96 3092.24 0.96 2.67
1313 C 15 3 140 145.06 3094.17 0.81 2.45
1313 C 15 4 0 145.16 3096.10 0.47 2.44
1313 C 15 4 10 145.26 3098.03 0.78 2.55
1313 C 15 4 20 145.36 3099.95 0.74 2.45
1313 C 15 4 30 145.46 3101.88 0.92 2.46
1313 C 15 4 40 145.56 3103.81 0.56 2.51
1313 C 15 4 50 145.66 3105.74 0.87 2.53
1313 C 15 4 60 145.76 3107.67 0.74 2.39
1313 C 15 4 70 145.86 3109.60 0.73 2.51
1313 C 15 4 80 145.96 3111.52 0.77 2.44
1313 C 15 4 90 146.06 3113.45 0.75 2.48
1313 C 15 4 100 146.16 3115.38 0.77 2.61
1313 C 15 4 110 146.26 3117.31 0.72 2.61
1313 C 15 4 120 146.36 3119.72 0.79 2.61
1313 C 15 4 130 146.46 3122.46 0.78 2.68
1313 C 15 4 140 146.56 3125.20 0.81 2.73
1313 C 15 5 0 146.66 3127.93 0.92 2.69
1313 C 15 5 10 146.76 3130.67 0.76 2.71
1313 C 15 5 20 146.86 3133.41 0.40 2.80
1313 C 15 5 30 146.96 3136.15 0.62 2.43
1313 C 15 5 40 147.06 3138.88 0.59 2.82
1313 C 15 5 50 147.16 3141.62 0.57 2.81
1313 C 15 5 60 147.26 3144.36 0.53 2.73
1313 C 15 5 80 147.46 3149.96 0.81 2.52
1313 C 15 5 90 147.56 3153.95 0.77 2.32
1313 C 15 5 100 147.66 3157.94 0.58 2.23
1313 C 15 5 120 147.86 3165.85 0.69 2.35
1313 C 15 5 130 147.96 3168.03 0.91 2.49
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1313 B 15 3 70 147.98 3168.47 0.79 2.38
1313 B 15 3 80 148.08 3170.66 0.46 2.54
1313 B 15 3 90 148.18 3172.84 0.76 2.40
1313 B 15 3 110 148.38 3177.22 0.87 2.41
1313 B 15 3 120 148.48 3179.40 0.76 2.40
1313 B 15 3 130 148.58 3181.59 0.81 2.32
1313 B 15 3 140 148.68 3183.78 0.93 2.39
1313 B 15 4 0 148.78 3185.93 0.89 2.30
1313 B 15 4 10 148.88 3187.96 0.84 2.29
1313 B 15 4 20 148.98 3189.98 0.65 2.36
1313 B 15 4 30 149.08 3192.00 0.97 2.38
1313 B 15 4 40 149.18 3194.03 0.93 2.37
1313 B 15 4 50 149.28 3196.05 1.04 2.19
1313 B 15 4 60 149.38 3198.07 0.94 2.28
1313 B 15 4 70 149.48 3200.10 1.11 2.37
1313 B 15 4 80 149.58 3202.12 1.01 2.32
1313 B 15 4 90 149.68 3204.15 0.88 2.38
1313 B 15 4 100 149.78 3206.17 0.54 2.35
1313 B 15 4 110 149.88 3208.19 0.69 2.43
1313 B 15 4 120 149.98 3210.22 0.97 2.29
1313 B 15 4 130 150.08 3212.47 1.18 2.53
1313 B 15 4 140 150.18 3214.90 1.01 2.48
1313 B 15 5 0 150.28 3217.32 1.07 2.45
1313 B 15 5 10 150.38 3219.75 1.15 2.25
1313 B 15 5 20 150.48 3222.17 1.06 2.42
1313 B 15 5 30 150.58 3224.60 0.97 2.52
1313 B 15 5 40 150.68 3227.02 1.08 2.52
1313 B 15 5 50 150.78 3229.45 0.96 2.46
1313 B 15 5 60 150.88 3231.87 0.85 2.39
1313 B 15 5 70 150.98 3234.30 0.98 2.33
1313 B 15 5 80 151.08 3236.72 0.93 2.38
1313 B 15 5 90 151.18 3239.13 0.99 2.58
1313 B 15 5 100 151.28 3241.53 0.69 2.27
1313 B 15 5 110 151.38 3243.92 1.16 2.32
1313 B 15 5 120 151.48 3246.32 0.82 2.51
1313 B 15 5 130 151.58 3248.72 0.92 2.45
1313 B 15 5 140 151.68 3251.11 0.90 2.39
1313 B 15 6 0 151.78 3253.51 0.72 2.45
1313 B 15 6 10 151.88 3255.91 0.78 2.63
1313 B 15 6 20 151.98 3258.30 0.78 2.58
1313 B 15 6 30 152.08 3260.70 0.66 2.46
1313 B 15 6 40 152.18 3263.09 0.81 2.52
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1313 B 15 6 50 152.28 3265.49 0.91 2.53
1313 B 15 6 60 152.38 3267.89 0.84 2.50
1313 B 15 6 70 152.48 3270.28 0.99 2.47
1313 B 15 6 80 152.58 3272.68 0.60 2.43
1313 B 15 6 90 152.68 3275.08 0.78 2.64
1313 B 15 6 100 152.78 3277.47 0.83 2.60
1313 B 15 6 110 152.88 3279.87 0.72 2.71
1313 B 15 6 120 152.98 3282.27 0.64 2.69
1313 B 15 6 130 153.08 3284.66 0.72 2.73
1313 B 15 6 140 153.18 3286.97 0.55 3.05
1313 C 16 2 60 153.08 3284.66 0.78 2.65
1313 C 16 2 70 153.18 3286.97 0.56 2.92
1313 C 16 2 80 153.28 3289.10 0.47 3.10
1313 C 16 2 90 153.38 3291.23 0.42 3.16
1313 C 16 2 100 153.48 3293.36 0.52 3.13
1313 C 16 2 110 153.58 3295.49 0.55 3.04
1313 C 16 2 120 153.68 3297.62 0.60 3.00
1313 C 16 2 130 153.78 3299.74 0.62 2.98
1313 C 16 2 140 153.88 3301.87 0.73 2.91
1313 C 16 3 0 153.98 3304.00 0.56 2.89
1313 C 16 3 10 154.08 3306.13 0.47 2.82
1313 C 16 3 20 154.18 3308.26 0.74 2.83
1313 C 16 3 30 154.28 3310.39 0.68 2.71
1313 C 16 3 40 154.38 3312.52 0.90 2.47
1313 C 16 3 50 154.48 3314.65 0.93 2.44
1313 C 16 3 60 154.58 3316.78 0.80 2.33
1313 C 16 3 70 154.68 3318.90 0.71 2.35
1313 C 16 3 80 154.78 3321.03 0.59 2.33
1313 C 16 3 90 154.88 3323.16 0.87 2.40
1313 C 16 3 100 154.98 3325.29 0.84 2.53
1313 C 16 3 110 155.08 3327.42 0.84 2.55
1313 C 16 3 120 155.18 3329.55 0.62 2.58
1313 C 16 3 130 155.28 3331.68 0.72 2.52
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Table 7B: Tie-points for IODP Site U1313 LR04 age model, MIS 95-MG1 (Chapter 5). 
Age model constructed via tuning of Site U1313 benthic oxygen isotope data (Table 7A) 
to the LR04 benthic oxygen isotope stack [Lisiecki & Raymo, 2005].
13
13
 R
M
C
D
 (m
)
LR
04
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ge
 (k
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114.84 2428.11
116.10 2452.78
117.64 2478.78
118.32 2494.64
119.24 2510.95
120.48 2539.76
121.43 2558.54
122.57 2577.31
123.27 2593.35
124.09 2613.89
125.14 2636.97
125.95 2651.34
127.12 2680.15
127.73 2689.98
128.41 2704.10
129.81 2731.00
130.72 2752.03
132.37 2797.00
133.06 2820.05
134.10 2838.20
134.87 2857.69
135.63 2876.15
136.55 2892.34
137.57 2912.13
138.51 2937.31
139.85 2963.95
140.81 2982.62
141.52 2999.37
142.43 3026.91
143.43 3055.13
144.71 3087.48
146.30 3118.09
147.45 3149.57
147.86 3165.76
148.76 3185.55
150.02 3211.07
151.12 3237.71
153.15 3286.28
154.20 3308.76
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Table 7C: Tie-points for IODP Site U1313 LB10 age model, MIS 95-101 (Chapter 5). 
Age model constructed via tuning of Site U1313 benthic oxygen isotope data (Table 7B) 
to ODP Site 967 benthic foraminiferal isotope data [Becker, 2005; Lourens et al., 2010].
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114.85 2425.00
116.06 2443.86
117.58 2480.18
118.31 2491.70
119.26 2511.51
120.26 2525.40
121.05 2545.38
Table 7D: High-resolution Globigerinoides ruber planktic foraminiferal stable isotope, ice-
rafted debris and L* data (shipboard-derived) from IODP Site U1313, MIS 103-95.
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1313 C 12 3 112 114.12 2413.84 2413.63 79.56 1.18 0.36
1313 C 12 3 114 114.14 2414.23 2413.94 79.71
1313 C 12 3 116 114.16 2414.62 2414.25 79.63
1313 C 12 3 118 114.18 2415.02 2414.56 80.19
1313 C 12 3 120 114.20 2415.41 2414.87 79.88
1313 C 12 3 122 114.22 2415.81 2415.19 79.40 1.02 0.04
1313 C 12 3 124 114.24 2416.20 2415.50 80.36
1313 C 12 3 126 114.26 2416.60 2415.81 80.05
1313 C 12 3 128 114.28 2416.99 2416.12 79.96
1313 C 12 3 130 114.30 2417.38 2416.43 79.13
1313 C 12 3 132 114.32 2417.78 2416.75 80.49 1.07 0.22
1313 C 12 3 134 114.34 2418.17 2417.06 80.37
1313 C 12 3 136 114.36 2418.57 2417.37 80.50
1313 C 12 3 138 114.38 2418.96 2417.68 80.52
1313 C 12 3 140 114.40 2419.36 2417.99 80.63
1313 C 12 3 142 114.42 2419.75 2418.31 80.39 0.99 0.09
1313 C 12 3 144 114.44 2420.14 2418.62 79.90
1313 C 12 3 146 114.46 2420.54 2418.93 79.23
1313 C 12 3 148 114.48 2420.93 2419.24 74.83
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1313 C 12 4 0 114.50 2421.33 2419.55 0.70 0.04
1313 C 12 4 2 114.52 2421.72 2419.87 69.25 0.82 -0.11
1313 C 12 4 4 114.54 2422.11 2420.18 79.91 0.64 0.04
1313 C 12 4 6 114.56 2422.51 2420.49 79.23 0.77 0.07
1313 C 12 4 8 114.58 2422.90 2420.80 78.78 0.67 -0.05
1313 C 12 4 10 114.60 2423.30 2421.11 78.74 0.61 -0.06
1313 C 12 4 12 114.62 2423.69 2421.43 77.91 0.72 0.16 18.41 54.85 0.00 0.00
1313 C 12 4 14 114.64 2424.09 2421.74 77.16 0.55 0.15
1313 C 12 4 16 114.66 2424.48 2422.05 76.49 0.43 0.10
1313 C 12 4 18 114.68 2424.87 2422.36 75.80 0.51 -0.07
1313 C 12 4 20 114.70 2425.27 2422.68 74.55 0.55 -0.05
1313 C 12 4 22 114.72 2425.66 2422.99 74.62 0.35 0.27 18.75 75.50 0.00 0.00
1313 C 12 4 24 114.74 2426.06 2423.30 74.07 0.44 0.03
1313 C 12 4 26 114.76 2426.45 2423.61 72.73 0.30 0.15
1313 C 12 4 28 114.78 2426.85 2423.92 70.12 0.28 0.29
1313 C 12 4 30 114.80 2427.24 2424.24 70.21 0.25 0.15
1313 C 12 4 32 114.82 2427.63 2424.55 70.25 0.54 0.26 15.41 66.08 0.00 0.00
1313 C 12 4 34 114.84 2428.03 2424.86 66.78 0.28 0.11
1313 C 12 4 36 114.86 2428.42 2425.17 60.63 0.28 0.02
1313 C 12 4 38 114.88 2428.82 2425.48 59.46 0.22 0.05
1313 C 12 4 40 114.90 2429.21 2425.80 63.98 0.21 0.29
1313 C 12 4 42 114.92 2429.61 2426.11 63.97 0.25 0.21 7.02 28.71 0.00 0.00
1313 C 12 4 44 114.94 2430.00 2426.42 64.84 0.19 0.17
1313 C 12 4 46 114.96 2430.39 2426.73 65.66 0.15 0.30
1313 C 12 4 48 114.98 2430.79 2427.04 64.34 0.11 0.37
1313 C 12 4 50 115.00 2431.18 2427.36 65.27 0.19 0.40
1313 C 12 4 52 115.02 2431.58 2427.67 62.43 0.45 0.36 5.77 24.54 0.00 0.00
1313 C 12 4 54 115.04 2431.97 2427.98 64.07 0.42 0.49
1313 C 12 4 56 115.06 2432.36 2428.29 68.47 0.36 0.35
1313 C 12 4 58 115.08 2432.76 2428.60 66.23 0.29 0.47
1313 C 12 4 60 115.10 2433.15 2428.92 63.75 0.29 0.44
1313 C 12 4 62 115.12 2433.55 2429.23 60.81 0.26 0.41 7.67 31.89 0.00 0.00
1313 C 12 4 64 115.14 2433.94 2429.54 63.36 0.21 0.50
1313 C 12 4 66 115.16 2434.34 2429.85 60.99 0.19 0.30
1313 C 12 4 68 115.18 2434.73 2430.17 65.80 0.44 0.33 2.78 12.62 0.00 0.00
1313 C 12 4 70 115.20 2435.12 2430.48 64.77 0.40 0.23 3.47 18.63 0.00 0.00
1313 C 12 4 72 115.22 2435.52 2430.79 65.76 0.45 0.41 5.97 35.87 0.75 4.48
1313 C 12 4 74 115.24 2435.91 2431.10 65.93 0.43 0.35 7.35 39.86 0.00 0.00
1313 C 12 4 76 115.26 2436.31 2431.41 66.83 0.37 0.38 6.20 37.64 0.00 0.00
1313 C 12 4 78 115.28 2436.70 2431.73 66.93 0.27 0.41 7.48 51.51 0.00 0.00
1313 C 12 4 80 115.30 2437.10 2432.04 63.34 0.27 0.45 4.40 23.79 0.00 0.00
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1313 C 12 4 82 115.32 2437.49 2432.35 64.66 0.39 0.40 6.07 40.46 0.00 0.00
1313 C 12 4 84 115.34 2437.88 2432.66 62.91 0.21 0.14 4.40 23.13 0.24 1.28
1313 C 12 4 86 115.36 2438.28 2432.97 64.05 0.33 0.22 8.37 40.63 0.49 2.39
1313 C 12 4 88 115.38 2438.67 2433.29 64.07 0.28 0.44 4.62 21.45 0.29 1.34
1313 C 12 4 90 115.40 2439.07 2433.60 65.22 0.09 0.20 4.74 22.57 1.05 5.02
1313 C 12 4 92 115.42 2439.46 2433.91 62.86 0.43 0.30 6.27 33.29 0.82 4.34
1313 C 12 4 94 115.44 2439.86 2434.22 62.61 0.23 0.22 6.20 35.65 0.83 4.75
1313 C 12 4 96 115.46 2440.25 2434.53 61.79 0.21 0.11 3.48 19.97 0.43 2.50
1313 C 12 4 98 115.48 2440.64 2434.85 58.40 0.24 0.40 4.67 28.89 0.39 2.41
1313 C 12 4 100 115.50 2441.04 2435.16 61.35 0.22 0.30 5.49 33.33 0.42 2.56
1313 C 12 4 102 115.52 2441.43 2435.47 59.99 0.39 0.29 6.48 36.15 0.40 2.26
1313 C 12 4 104 115.54 2441.83 2435.78 61.83 0.28 0.24 2.79 15.78 0.47 2.63
1313 C 12 4 106 115.56 2442.22 2436.09 60.45 0.32 0.23 8.80 25.52 0.93 2.69
1313 C 12 4 108 115.58 2442.61 2436.41 62.16 0.29 0.25 7.32 46.00 1.63 10.22
1313 C 12 4 110 115.60 2443.01 2436.72 63.82 0.21 0.25 5.19 33.70 1.11 7.22
1313 C 12 4 112 115.62 2443.40 2437.03 60.03 0.42 0.33 7.04 48.35 0.70 4.84
1313 C 12 4 114 115.64 2443.80 2437.34 60.64 0.05 0.05 7.60 50.27 1.14 7.54
1313 C 12 4 116 115.66 2444.19 2437.65 59.44 -0.01 0.26 5.92 38.61 1.39 9.09
1313 C 12 4 118 115.68 2444.59 2437.97 59.45 0.37 0.39 8.10 49.74 3.24 19.90
1313 C 12 4 120 115.70 2444.98 2438.28 58.84 0.28 0.39 4.71 18.67 1.18 4.67
1313 C 12 4 122 115.72 2445.37 2438.59 56.07 0.44 0.17 9.55 43.53 0.50 2.29
1313 C 12 4 124 115.74 2445.77 2438.90 59.42 0.27 0.38 5.50 25.22 0.26 1.20
1313 C 12 4 126 115.76 2446.16 2439.22 61.43 0.33 0.23 7.55 53.44 0.00 0.00
1313 C 12 4 128 115.78 2446.56 2439.53 59.61 0.28 0.28 7.46 45.71 0.37 2.29
1313 C 12 4 130 115.80 2446.95 2439.84 57.98 0.26 0.14 7.23 41.29 0.00 0.00
1313 C 12 4 132 115.82 2447.35 2440.15 59.34 0.40 0.36 6.21 44.86 0.00 0.00
1313 C 12 4 134 115.84 2447.74 2440.46 63.38 0.43 0.19
1313 C 12 4 136 115.86 2448.13 2440.78 60.71 0.33 0.22
1313 C 12 4 138 115.88 2448.53 2441.09 63.33 0.53 0.26
1313 C 12 4 140 115.90 2448.92 2441.40 60.53 0.29 0.27
1313 C 12 4 142 115.92 2449.32 2441.71 63.80 0.42 0.22 12.23 99.79 0.00 0.00
1313 C 12 4 144 115.94 2449.71 2442.02 64.14 0.21 0.20
1313 C 12 4 146 115.96 2450.11 2442.34 64.24 0.14 0.15
1313 C 12 4 148 115.98 2450.50 2442.65 63.04 0.12 0.11
1313 C 12 5 0 116.00 2450.89 2442.96 0.23 0.08
1313 C 12 5 2 116.02 2451.29 2443.27 60.94 0.34 0.08
1313 C 12 5 4 116.04 2451.68 2443.60 67.39 0.63 0.09 9.00 65.89 0.00 0.00
1313 C 12 5 6 116.06 2452.05 2444.03 64.98 0.22 0.27
1313 C 12 5 8 116.08 2452.42 2444.48 65.77 0.38 0.22
1313 C 12 5 10 116.10 2452.79 2444.93 66.31 0.20 0.25
1313 C 12 5 12 116.12 2453.16 2445.37 65.50 0.35 0.21
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1313 C 12 5 14 116.14 2453.52 2445.83 62.92 0.37 0.09 8.52 64.51 0.00 0.00
1313 C 12 5 16 116.16 2453.86 2446.30 62.89 0.30 0.03
1313 C 12 5 18 116.18 2454.20 2446.77 64.94 0.47 0.04
1313 C 12 5 20 116.20 2454.54 2447.25 60.46 0.21 0.32
1313 C 12 5 22 116.22 2454.88 2447.73 63.37 0.25 0.35
1313 C 12 5 24 116.24 2455.21 2448.20 60.33 0.27 0.35 8.84 88.01 0.00 0.00
1313 C 12 5 26 116.26 2455.55 2448.68 68.02 0.43 0.42
1313 C 12 5 28 116.28 2455.89 2449.16 66.91 0.58 0.51
1313 C 12 5 30 116.30 2456.22 2449.63 69.30 0.39 0.20
1313 C 12 5 32 116.32 2456.56 2450.11 69.80 0.40 0.34
1313 C 12 5 34 116.34 2456.90 2450.59 70.62 0.14 0.05 4.00 32.10 0.00 0.00
1313 C 12 5 36 116.36 2457.24 2451.06 72.35 0.22 0.15
1313 C 12 5 38 116.38 2457.57 2451.54 71.97 0.44 0.29
1313 C 12 5 40 116.40 2457.91 2452.02 71.64 0.32 0.09
1313 C 12 5 42 116.42 2458.25 2452.49 71.99 0.52 0.10
1313 C 12 5 44 116.44 2458.58 2452.97 73.92 0.56 0.22 4.94 29.17 0.00 0.00
1313 C 12 5 46 116.46 2458.92 2453.45 74.53 0.54 0.03
1313 C 12 5 48 116.48 2459.26 2453.92 74.82 0.56 0.10
1313 C 12 5 50 116.50 2459.59 2454.40 75.76 0.51 0.01
1313 C 12 5 52 116.52 2459.93 2454.88 76.07 0.70 0.19
1313 C 12 5 54 116.54 2460.27 2455.35 76.33 0.51 -0.11 4.69 26.04 0.00 0.00
1313 C 12 5 56 116.56 2460.61 2455.83 76.97 0.76 0.04
1313 C 12 5 58 116.58 2460.94 2456.31 77.74 0.76 -0.10
1313 B 12 2 116 116.60 2461.28 2456.78 77.87 0.92 -0.09
1313 B 12 2 118 116.62 2461.62 2457.26 78.48 0.85 -0.13 4.23 26.65 0.00 0.00
1313 B 12 2 120 116.64 2461.95 2457.74 77.92 0.76 -0.07
1313 B 12 2 122 116.66 2462.29 2458.21 77.81 0.86 -0.02
1313 B 12 2 124 116.68 2462.63 2458.69 78.16 0.86 -0.04
1313 B 12 2 126 116.70 2462.97 2459.16 78.42 0.63 -0.05
1313 B 12 2 128 116.72 2463.30 2459.64 79.23 0.85 -0.26 6.55 47.08 0.00 0.00
1313 B 12 2 130 116.74 2463.64 2460.12 79.48 0.82 -0.02
1313 B 12 2 132 116.76 2463.98 2460.59 79.33 0.67 -0.09
1313 B 12 2 134 116.78 2464.31 2461.07 79.62 0.88 0.02
1313 B 12 2 136 116.80 2464.65 2461.55 79.35 0.84 -0.15
1313 B 12 2 138 116.82 2464.99 2462.02 79.08 0.74 -0.16 4.88 30.15 0.00 0.00
1313 B 12 2 140 116.84 2465.33 2462.50 79.44 0.73 -0.20
1313 B 12 2 142 116.86 2465.66 2462.98 78.99 0.69 0.11
1313 B 12 2 144 116.88 2466.00 2463.45 79.21 0.85 0.00
1313 B 12 2 146 116.90 2466.34 2463.93 79.18 0.72 0.18
1313 B 12 2 148 116.92 2466.67 2464.41 79.29 0.89 -0.14 5.19 37.92 0.00 0.00
1313 B 12 3 0 116.94 2467.01 2464.88 76.28 0.70 0.08
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1313 B 12 3 2 116.96 2467.35 2465.36 73.33 0.76 0.00
1313 B 12 3 4 116.98 2467.69 2465.84 79.70 0.71 0.01
1313 B 12 3 6 117.00 2468.02 2466.31 79.31 0.80 0.23
1313 B 12 3 8 117.02 2468.36 2466.79 76.34 5.19 41.53 0.00 0.00
1313 B 12 3 10 117.04 2468.70 2467.27 78.66 0.68 0.00
1313 B 12 3 12 117.06 2469.03 2467.74 78.78 0.51 0.01
1313 B 12 3 14 117.08 2469.37 2468.22 78.53 0.69 0.08
1313 B 12 3 16 117.10 2469.71 2468.70 78.87 0.65 -0.10
1313 B 12 3 18 117.12 2470.04 2469.17 78.55 0.63 -0.01 5.75 49.01 0.00 0.00
1313 B 12 3 20 117.14 2470.38 2469.65 78.37 0.54 0.10
1313 B 12 3 22 117.16 2470.72 2470.12 78.77 0.28 0.11
1313 B 12 3 24 117.18 2471.06 2470.60 79.08 0.49 0.14
1313 B 12 3 26 117.20 2471.39 2471.08 78.45 0.66 0.11
1313 B 12 3 28 117.22 2471.73 2471.55 78.70 0.61 0.04 12.93 81.53 0.00 0.00
1313 B 12 3 30 117.24 2472.07 2472.03 79.09 0.44 0.04
1313 B 12 3 32 117.26 2472.40 2472.51 77.76 0.49 0.22
1313 B 12 3 34 117.28 2472.74 2472.98 77.54 0.29 0.09
1313 B 12 3 36 117.30 2473.08 2473.46 76.47 0.09 0.18
1313 B 12 3 38 117.32 2473.42 2473.94 75.98 0.49 0.34 10.47 88.99 0.00 0.00
1313 B 12 3 40 117.34 2473.75 2474.41 75.67 0.43 0.05
1313 B 12 3 42 117.36 2474.09 2474.89 75.00 0.28 0.12
1313 B 12 3 44 117.38 2474.43 2475.37 74.51 0.34 0.19
1313 B 12 3 46 117.40 2474.76 2475.84 73.51 0.22 0.17
1313 B 12 3 48 117.42 2475.10 2476.32 73.25 0.19 0.16 4.76 39.16 0.00 0.00
1313 B 12 3 50 117.44 2475.44 2476.80 72.82 0.28 0.34
1313 B 12 3 52 117.46 2475.78 2477.27 72.25 0.32 0.21
1313 B 12 3 54 117.48 2476.11 2477.75 71.30 0.07 0.13
1313 B 12 3 56 117.50 2476.45 2478.23 72.17 0.37 0.21 4.38 35.60 0.00 0.00
1313 B 12 3 58 117.52 2476.79 2478.69 71.35 0.31 0.38 5.26 36.22 0.00 0.00
1313 B 12 3 60 117.54 2477.12 2479.12 70.35 0.21 0.33 5.00 37.33 0.36 2.67
1313 B 12 3 62 117.56 2477.46 2479.53 69.29 0.23 0.22 5.19 41.96 0.27 2.21
1313 B 12 3 64 117.58 2477.80 2479.95 67.45 0.17 0.33 4.13 33.85 3.81 31.25
1313 B 12 3 66 117.60 2478.14 2480.36 65.27 -0.02 0.15 4.36 29.50 6.91 46.70
1313 B 12 3 68 117.62 2478.49 2480.77 62.05 0.22 0.29 3.23 19.09 1.21 7.16
1313 B 12 3 70 117.64 2478.92 2481.09 61.10 0.30 0.40 7.04 50.15 2.59 18.47
1313 B 12 3 72 117.66 2479.36 2481.41 61.07 0.24 0.38 6.94 45.34 2.86 18.67
1313 B 12 3 74 117.68 2479.80 2481.72 60.30 0.23 0.41 6.00 28.24 2.86 13.45
1313 B 12 3 76 117.70 2480.24 2482.04 62.14 0.11 0.64 5.11 24.33 1.70 8.11
1313 B 12 3 78 117.72 2480.69 2482.35 58.60 -0.06 0.53 11.98 61.20 1.56 7.98
1313 B 12 3 80 117.74 2481.15 2482.67 60.06 0.24 0.83 12.73 55.45 1.21 5.28
1313 B 12 3 82 117.76 2481.62 2482.98 62.02 0.13 0.83 6.74 29.04 0.29 1.26
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1313 B 12 3 84 117.78 2482.09 2483.30 63.78 0.21 0.78 8.88 30.79 0.00 0.00
1313 B 12 3 86 117.80 2482.55 2483.61 63.18 0.31 0.98 7.48 21.83 0.00 0.00
1313 B 12 3 88 117.82 2483.02 2483.92 63.49 0.24 0.82 16.67 31.83 0.00 0.00
1313 B 12 3 90 117.84 2483.49 2484.24 60.81 0.13 0.59 8.80 18.91 0.35 0.76
1313 B 12 3 92 117.86 2483.95 2484.55 63.13 0.00 0.51 9.41 30.14 0.78 2.51
1313 B 12 3 94 117.88 2484.42 2484.87 60.96 0.33 0.39 9.74 22.05 0.00 0.00
1313 B 12 3 96 117.90 2484.89 2485.18 56.83 0.20 0.42 8.73 34.58 0.56 2.23
1313 B 12 3 98 117.92 2485.36 2485.50 56.04 0.07 0.42 13.87 54.43 0.36 1.43
1313 B 12 3 100 117.94 2485.82 2485.81 62.01 0.38 0.73 9.72 34.81 0.69 2.49
1313 B 12 3 102 117.96 2486.29 2486.13 63.85 0.27 0.67 9.96 28.47 1.30 3.71
1313 B 12 3 104 117.98 2486.76 2486.44 64.77 0.21 0.47 5.99 18.01 0.00 0.00
1313 B 12 3 106 118.00 2487.22 2486.76 65.16 0.23 0.48 7.20 33.21 0.29 1.33
1313 B 12 3 108 118.02 2487.69 2487.07 65.99 0.06 0.21 5.88 34.16 0.00 0.00
1313 B 12 3 110 118.04 2488.16 2487.39 66.90 0.49 0.47 7.07 37.26 0.00 0.00
1313 B 12 3 112 118.06 2488.62 2487.70 67.10 0.48 0.52
1313 B 12 3 114 118.08 2489.09 2488.02 66.26 0.40 0.54
1313 B 12 3 116 118.10 2489.56 2488.33 66.38 0.45 0.57
1313 B 12 3 118 118.12 2490.02 2488.64 68.48 0.09 0.43 6.64 45.84 0.00 0.00
1313 B 12 3 120 118.14 2490.49 2488.96 68.38 0.41 0.50
1313 B 12 3 122 118.16 2490.96 2489.27 67.44 0.30 0.51
1313 B 12 3 124 118.18 2491.42 2489.59 67.66 0.36 0.46
1313 B 12 3 126 118.20 2491.89 2489.90 67.03 0.39 0.27
1313 B 12 3 128 118.22 2492.36 2490.22 66.04 0.35 0.34 2.75 18.99 0.00 0.00
1313 B 12 3 130 118.24 2492.82 2490.54 66.87 0.56 0.41
1313 B 12 3 132 118.26 2493.29 2490.86 71.12 0.49 0.35
1313 B 12 3 134 118.28 2493.75 2491.18 69.70 0.47 0.59
1313 B 12 3 136 118.30 2494.21 2491.50 60.69 0.58 0.36
1313 B 12 3 138 118.32 2494.66 2491.83 74.50 0.53 0.22 4.25 31.16 0.00 0.00
1313 B 12 3 140 118.34 2495.03 2492.24 73.52 0.76 0.31
1313 B 12 3 142 118.36 2495.38 2492.66 73.60 0.65 0.45
1313 B 12 3 144 118.38 2495.74 2493.08 74.14 0.71 0.39
1313 B 12 3 146 118.40 2496.09 2493.50 75.34 0.62 0.19
1313 B 12 3 148 118.42 2496.44 2493.93 76.66 0.56 0.33 7.45 64.41 0.00 0.00
1313 B 12 4 0 118.44 2496.79 2494.35 72.72 0.51 0.05
1313 B 12 4 2 118.46 2497.15 2494.77 67.39 0.45 0.02
1313 B 12 4 4 118.48 2497.50 2495.19 77.33 0.63 0.09
1313 B 12 4 6 118.50 2497.85 2495.61 76.55 0.69 0.10
1313 B 12 4 8 118.52 2498.20 2496.03 77.19 0.57 0.19 8.47 63.13 0.00 0.00
1313 B 12 4 10 118.54 2498.56 2496.45 77.39 0.40 0.06
1313 B 12 4 12 118.56 2498.91 2496.87 75.74 0.60 0.22
1313 B 12 4 14 118.58 2499.26 2497.29 76.54 0.60 0.14
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1313 B 12 4 16 118.60 2499.61 2497.71 76.86 0.37 -0.23
1313 B 12 4 18 118.62 2499.97 2498.13 78.71 0.42 -0.16 7.46 58.42 0.00 0.00
1313 B 12 4 20 118.64 2500.32 2498.55 78.46 0.49 -0.15
1313 B 12 4 22 118.66 2500.67 2498.97 79.38 0.47 -0.24
1313 B 12 4 24 118.68 2501.02 2499.39 78.92 0.29 -0.12
1313 B 12 4 26 118.70 2501.37 2499.81 79.24 0.28 -0.15
1313 B 12 4 28 118.72 2501.73 2500.23 79.21 0.48 -0.02 5.51 33.52 0.00 0.00
1313 B 12 4 30 118.74 2502.08 2500.66 79.49 0.43 -0.04
1313 B 12 4 32 118.76 2502.43 2501.08 78.67 0.19 -0.16
1313 B 12 4 34 118.78 2502.78 2501.50 77.58 0.30 -0.23
1313 B 12 4 36 118.80 2503.14 2501.92 71.08 0.44 -0.14
1313 B 12 4 38 118.82 2503.49 2502.34 76.64 0.46 -0.07 5.80 41.54 0.00 0.00
1313 B 12 4 40 118.84 2503.84 2502.76 77.61 0.04 -0.22
1313 B 12 4 42 118.86 2504.19 2503.18 77.89 0.20 -0.14
1313 B 12 4 44 118.88 2504.55 2503.60 76.09 0.40 0.05
1313 B 12 4 46 118.90 2504.90 2504.02 77.21 0.23 -0.08
1313 B 12 4 48 118.92 2505.25 2504.44 78.69 0.37 -0.05 4.55 36.60 0.00 0.00
1313 B 12 4 50 118.94 2505.60 2504.86 77.26 0.23 0.10
1313 B 12 4 52 118.96 2505.96 2505.28 74.61 0.25 -0.03
1313 B 12 4 54 118.98 2506.31 2505.70 76.94 0.14 0.07
1313 B 12 4 56 119.00 2506.66 2506.12 76.93 0.08 0.10
1313 B 12 4 58 119.02 2507.01 2506.54 72.13 0.14 0.28
1313 B 12 4 60 119.04 2507.37 2506.97 76.34 0.31 0.11 4.79 40.30 0.00 0.00
1313 B 12 4 62 119.06 2507.72 2507.39 73.65 0.15 0.08 2.49 20.35 0.00 0.00
1313 B 12 4 64 119.08 2508.07 2507.81 74.04 -0.19 -0.06 3.76 28.74 0.00 0.00
1313 B 12 4 66 119.10 2508.42 2508.23 71.01 -0.28 0.17 3.61 35.39 0.00 0.00
1313 B 12 4 68 119.12 2508.78 2508.65 72.74 -0.12 0.03 2.03 18.27 0.00 0.00
1313 B 12 4 70 119.14 2509.13 2509.07 70.34 0.06 0.08 2.26 32.61 0.00 0.00
1313 B 12 4 72 119.16 2509.48 2509.49 71.01 -0.26 -0.01 5.31 70.86 0.44 5.90
1313 B 12 4 74 119.18 2509.83 2509.91 66.13 -0.17 0.06 6.01 63.53 0.00 0.00
1313 B 12 4 76 119.20 2510.19 2510.33 63.01 -0.15 -0.08 5.13 43.30 0.32 2.71
1313 B 12 4 78 119.22 2510.54 2510.75 66.27 -0.20 0.07 4.64 40.15 0.93 8.03
1313 B 12 4 80 119.24 2510.94 2511.16 60.84 -0.05 0.34 7.62 68.31 0.00 0.00
1313 B 12 4 82 119.26 2511.35 2511.55 61.53 -0.15 0.19 5.71 37.88 0.41 2.71
1313 B 12 4 84 119.28 2511.80 2511.84 61.89 -0.19 0.15 5.81 38.72 0.78 5.16
1313 B 12 4 86 119.30 2512.27 2512.12 63.20 -0.19 0.22 2.99 20.21 0.75 5.05
1313 B 12 4 88 119.32 2512.73 2512.40 67.09 -0.23 0.35 0.97 5.36 0.73 4.02
1313 B 12 4 90 119.34 2513.20 2512.67 66.43 -0.26 0.40 2.91 16.76 1.69 9.78
1313 B 12 4 92 119.36 2513.66 2512.95 65.89 -0.27 0.19 5.46 57.16 1.64 17.15
1313 B 12 4 94 119.38 2514.12 2513.23 65.45 -0.10 0.30 4.48 25.79 2.24 12.89
1313 B 12 4 96 119.40 2514.59 2513.51 64.50 -0.31 0.36 4.68 35.87 2.52 19.31
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1313 B 12 4 98 119.42 2515.05 2513.78 66.06 -0.33 0.47 2.88 18.73 5.14 33.44
1313 B 12 4 100 119.44 2515.52 2514.06 61.13 -0.26 0.27 5.51 41.20 5.12 38.26
1313 B 12 4 102 119.46 2515.98 2514.34 63.40 -0.15 0.31 5.56 43.61 2.78 21.80
1313 B 12 4 104 119.48 2516.45 2514.61 63.70 -0.42 0.15 4.79 28.24 0.46 2.69
1313 B 12 4 106 119.50 2516.91 2514.89 60.93 -0.14 0.49 1.56 8.04 0.78 4.02
1313 B 12 4 108 119.52 2517.37 2515.17 61.75 -0.02 0.34 4.68 30.80 0.00 0.00
1313 B 12 4 110 119.54 2517.84 2515.45 62.11 0.03 0.31 6.22 32.15 0.96 4.95
1313 B 12 4 112 119.56 2518.30 2515.72 60.74 -0.08 0.29 4.33 24.03 0.96 5.34
1313 B 12 4 114 119.58 2518.77 2516.00 58.43 -0.20 0.51 3.54 23.76 1.97 13.20
1313 B 12 4 116 119.60 2519.23 2516.28 60.17 -0.08 0.44 7.04 49.07 2.22 15.50
1313 B 12 4 118 119.62 2519.70 2516.55 63.91 -0.28 0.46 7.54 54.69 2.03 14.72
1313 B 12 4 120 119.64 2520.16 2516.83 62.16 -0.13 0.57 7.23 46.83 1.20 7.81
1313 B 12 4 122 119.66 2520.63 2517.11 63.64 -0.09 0.61 6.73 56.43 0.96 8.06
1313 B 12 4 124 119.68 2521.09 2517.39 61.75 -0.08 0.25 3.81 28.43 0.69 5.17
1313 B 12 4 126 119.70 2521.55 2517.66 62.15 -0.17 0.36 3.52 25.78 0.70 5.16
1313 B 12 4 128 119.72 2522.02 2517.94 61.45 -0.29 0.57 4.03 36.43 0.29 2.60
1313 B 12 4 130 119.74 2522.48 2518.22 59.16 -0.25 0.38 5.19 48.25 0.55 5.08
1313 B 12 4 132 119.76 2522.95 2518.50 60.30 -0.17 0.20 3.72 30.55 0.62 5.09
1313 B 12 4 134 119.78 2523.41 2518.77 61.34 -0.02 0.27 2.98 25.94 0.43 3.71
1313 B 12 4 136 119.80 2523.88 2519.05 60.21 -0.09 0.21 5.31 39.32 2.42 17.87
1313 B 12 4 138 119.82 2524.34 2519.33 60.31 0.08 0.30 6.13 41.45 0.74 5.02
1313 B 12 4 140 119.84 2524.81 2519.60 60.98 -0.01 0.25 5.79 36.21 0.39 2.41
1313 B 12 4 142 119.86 2525.27 2519.88 62.26 0.13 0.49 4.36 33.47 1.34 10.30
1313 B 12 4 144 119.88 2525.73 2520.16 61.94 0.04 0.28 8.24 87.73 1.18 12.53
1313 B 12 4 146 119.90 2526.20 2520.44 59.61 0.33 0.40 11.96 83.93 1.45 10.17
1313 B 12 4 148 119.92 2526.66 2520.71 60.04 0.13 0.31 8.08 60.85 1.01 7.61
1313 B 12 5 0 119.94 2527.13 2520.99 0.25 0.31 6.76 60.62 0.29 2.64
1313 B 12 5 2 119.96 2527.59 2521.27 59.53 0.27 0.08 7.23 56.43 0.90 7.05
1313 B 12 5 4 119.98 2528.06 2521.55 57.89 0.00 0.36 9.80 70.64 1.96 14.13
1313 B 12 5 6 120.00 2528.52 2521.82 57.30 0.44 0.27 13.96 130.41 1.02 9.48
1313 B 12 5 8 120.02 2528.99 2522.10 54.32 0.16 0.31 14.00 148.48 0.74 7.81
1313 B 12 5 10 120.04 2529.45 2522.38 57.88 0.27 0.29 10.96 90.17 0.80 6.60
1313 B 12 5 12 120.06 2529.91 2522.65 58.46 0.58 0.13 10.70 78.45 0.61 4.48
1313 B 12 5 14 120.08 2530.38 2522.93 54.76 0.03 0.36 8.65 74.95 0.64 5.55
1313 B 12 5 16 120.10 2530.84 2523.21 60.11 -0.06 0.14 9.35 64.09 0.00 0.00
1313 B 12 5 18 120.12 2531.31 2523.49 59.50 0.20 0.17 4.86 37.50 0.35 2.68
1313 B 12 5 20 120.14 2531.77 2523.76 59.03 -0.06 0.42 5.67 41.89 0.00 0.00
1313 B 12 5 22 120.16 2532.24 2524.04 60.32 0.35 0.33 4.56 46.21 0.54 5.44
1313 B 12 5 24 120.18 2532.70 2524.32 63.51 0.06 0.25 4.36 41.78 0.31 2.98
1313 B 12 5 26 120.20 2533.16 2524.59 63.24 0.12 0.22 5.28 53.01 0.56 5.58
1313 B 12 5 28 120.22 2533.63 2524.87 65.36 0.58 0.30 4.90 37.47 1.40 10.71
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1313 B 12 5 30 120.24 2534.09 2525.15 65.08 0.10 0.16 4.05 37.27 0.58 5.32
1313 B 12 5 32 120.26 2534.56 2525.48 61.86 0.03 0.18 3.73 39.42 0.50 5.26
1313 B 12 5 34 120.28 2535.02 2525.96 63.70 0.01 0.06 6.38 63.88 0.00 0.00
1313 B 12 5 36 120.30 2535.49 2526.46 58.94 -0.19 0.29 6.83 56.84 0.00 0.00
1313 B 12 5 38 120.32 2535.95 2526.97 61.89 0.28 0.20 6.83 39.75 0.00 0.00
1313 B 12 5 40 120.34 2536.42 2527.48 59.55 -0.11 -0.02 5.03 43.47 0.00 0.00
1313 B 12 5 42 120.36 2536.88 2527.98 66.41 0.01 0.13 6.48 49.83 0.00 0.00
1313 B 12 5 44 120.38 2537.34 2528.49 64.42 -0.09 0.35 5.49 48.47 0.00 0.00
1313 B 12 5 46 120.40 2537.81 2528.99 70.34 0.46 0.34 5.95 47.80 0.00 0.00
1313 B 12 5 48 120.42 2538.27 2529.50 70.46 0.15 0.29 4.48 24.10 0.00 0.00
1313 B 12 5 50 120.44 2538.73 2530.01 70.46 0.13 0.15
1313 B 12 5 52 120.46 2539.17 2530.51 71.83 0.28 0.26
1313 B 12 5 54 120.48 2539.59 2531.02 73.93 0.33 0.29
1313 B 12 5 56 120.50 2540.02 2531.53 74.66 0.02 0.22
1313 B 12 5 58 120.52 2540.45 2532.03 74.84 0.20 0.10
1313 B 12 5 60 120.54 2540.87 2532.54 75.91 0.34 0.22
1313 B 12 5 62 120.56 2541.27 2533.04 74.30 0.35 0.03
1313 B 12 5 64 120.58 2541.67 2533.55 77.18 0.29 -0.01
1313 B 12 5 66 120.60 2542.07 2534.06 76.01 0.37 -0.01
1313 B 12 5 68 120.62 2542.47 2534.56 72.59 0.38 0.05
1313 B 12 5 70 120.64 2542.87 2535.07 76.45 0.53 0.05
1313 B 12 5 72 120.66 2543.27 2535.58 75.95 0.51 -0.18
1313 B 12 5 74 120.68 2543.67 2536.08 75.70 0.47 -0.23
1313 B 12 5 76 120.70 2544.07 2536.59 78.32 0.45 -0.17
1313 B 12 5 78 120.72 2544.47 2537.10 76.35 0.68 -0.09
1313 B 12 5 80 120.74 2544.87 2537.60 76.95 0.53 -0.15
1313 B 12 5 82 120.76 2545.26 2538.11 78.10 0.64 -0.25
1313 B 12 5 84 120.78 2545.66 2538.61 76.96 0.68 -0.17
1313 B 12 5 86 120.80 2546.06 2539.12 77.01 0.71 -0.19
1313 B 12 5 88 120.82 2546.46 2539.63 76.84 0.66 -0.26
1313 B 12 5 90 120.84 2546.86 2540.13 76.06 0.67 -0.25
1313 B 12 5 92 120.86 2547.26 2540.64 76.50 0.58 -0.23
1313 B 12 5 94 120.88 2547.66 2541.15 77.96 0.77 -0.35
1313 B 12 5 96 120.90 2548.06 2541.65 79.75 0.77 -0.17
1313 B 12 5 98 120.92 2548.46 2542.16 80.52 0.78 -0.26
1313 B 12 5 100 120.94 2548.85 2542.66 78.81 0.65 -0.08
1313 B 12 5 102 120.96 2549.25 2543.17 78.32 0.84 -0.25
1313 B 12 5 104 120.98 2549.65 2543.68 80.59 0.79 -0.23
1313 B 12 5 106 121.00 2550.05 2544.18 78.29 0.96 -0.25
1313 B 12 5 108 121.02 2550.45 2544.69 77.88 0.65 -0.15
1313 B 12 5 110 121.04 2550.85 2545.20 80.14 0.92 -0.26
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1313 B 12 5 112 121.06 2551.25 2545.70 81.77 0.88 -0.18
1313 B 12 5 114 121.08 2551.65 2546.21 82.03 0.87 -0.19
1313 B 12 5 116 121.10 2552.05 2546.72 81.16 0.73 -0.22
1313 B 12 5 118 121.12 2552.44 2547.22 81.82 0.69 -0.29
1313 B 12 5 120 121.14 2552.84 2547.73 82.33 0.78 -0.21
1313 B 12 5 122 121.16 2553.24 2548.23 81.91 0.80 -0.25
1313 B 12 5 124 121.18 2553.64 2548.74 81.86 0.79 -0.18
1313 B 12 5 126 121.20 2554.04 2549.25 78.91 0.86 -0.18
1313 B 12 5 128 121.22 2554.44 2549.75 82.02 0.67 -0.09
1313 B 12 5 130 121.24 2554.84 2550.26 82.36 0.67 -0.19
1313 B 12 5 132 121.26 2555.24 2550.77 83.01 0.62 -0.14
1313 B 12 5 134 121.28 2555.64 2551.27 82.42 0.78 -0.11
1313 B 12 5 136 121.30 2556.03 2551.78 81.76 0.65 0.09
1313 B 12 5 138 121.32 2556.43 2552.29 77.71 0.59 -0.03
1313 B 12 5 140 121.34 2556.83 2552.79 77.29 0.61 0.07
1313 B 12 5 142 121.36 2557.21 2553.30 82.29 0.56 0.07
1313 B 12 5 144 121.38 2557.59 2553.80 80.22 0.68 0.10
1313 B 12 5 146 121.40 2557.97 2554.31 80.31 0.41 -0.06
1313 B 12 5 148 121.42 2558.35 2554.82 80.83 0.44 -0.04
1313 B 12 6 0 121.44 2558.73 2555.32 0.57 0.31
1313 B 12 6 2 121.46 2559.10 2555.83 73.10 0.39 0.20
1313 B 12 6 4 121.48 2559.43 82.37 0.59 0.40
1313 B 12 6 6 121.50 2559.76 82.32 0.39 0.12
1313 B 12 6 8 121.52 2560.09 81.15 0.58 0.24
1313 B 12 6 10 121.54 2560.42 80.93 0.43 0.26
1313 B 12 6 12 121.56 2560.75 80.44 0.48 0.32
1313 B 12 6 14 121.58 2561.08 76.65 0.46 0.26
1313 B 12 6 16 121.60 2561.41 81.10 0.53 0.34
1313 B 12 6 18 121.62 2561.74 80.89 0.32 0.28
1313 B 12 6 20 121.64 2562.07 80.63 0.49 0.23
1313 B 12 6 22 121.66 2562.40 80.49 0.39 0.10
1313 B 12 6 24 121.68 2562.73 80.31 0.40 0.31
1313 B 12 6 26 121.70 2563.06 80.47 0.44 0.33
1313 B 12 6 28 121.72 2563.39 80.30 0.50 0.19
1313 B 12 6 30 121.74 2563.72 79.67 0.40 0.25
1313 B 12 6 32 121.76 2564.05 79.33 0.64 0.26
1313 B 12 6 34 121.78 2564.37 77.83 0.54 0.23
1313 B 12 6 36 121.80 2564.70 77.65 0.52 0.15
1313 B 12 6 38 121.82 2565.03 77.58 0.62 0.22
1313 B 12 6 40 121.84 2565.36 77.87 0.42 0.23
1313 B 12 6 42 121.86 2565.69 77.97 0.61 0.22
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1313 B 12 6 44 121.88 2566.02 77.85 0.71 0.30
1313 B 12 6 46 121.90 2566.35 76.17 0.68 0.14
1313 B 12 6 48 121.92 2566.68 77.40 0.62 0.22
1313 B 12 6 50 121.94 2567.01 77.35 0.75 0.40
1313 B 12 6 52 121.96 2567.34 77.61 0.65 0.21
1313 B 12 6 54 121.98 2567.67 77.22 0.61 0.26
1313 B 12 6 56 122.00 2568.00 75.85 0.75 0.38
1313 B 12 6 58 122.02 2568.33 77.29 0.72 0.27
1313 B 12 6 60 122.04 2568.66 75.62 0.73 0.29
1313 B 12 6 62 122.06 2568.99 73.94 0.48 0.27
1313 B 12 6 64 122.08 2569.31 76.06 0.79 0.07
1313 B 12 6 66 122.10 2569.64 75.91 0.67 0.24
1313 B 12 6 68 122.12 2569.97 78.02 0.78 0.12
1313 B 12 6 70 122.14 2570.30 78.12 0.70 0.14
1313 B 12 6 72 122.16 2570.63 79.24 0.71 0.28
1313 B 12 6 74 122.18 2570.96 78.99 0.86 0.34
1313 B 12 6 76 122.20 2571.29 79.28 0.67 0.09
1313 B 12 6 78 122.22 2571.62 78.70 0.85 0.17
1313 B 12 6 80 122.24 2571.95 78.81 0.72 0.26
1313 B 12 6 82 122.26 2572.28 78.06 0.43 0.18
1313 B 12 6 84 122.28 2572.61 78.00 0.68 0.20
1313 B 12 6 86 122.30 2572.94 78.69 0.81 0.32
1313 B 12 6 88 122.32 2573.27 78.44 0.71 0.37
1313 B 12 6 90 122.34 2573.60 78.83 0.63 0.15
1313 B 12 6 92 122.36 2573.93 78.36 0.83 0.27
1313 B 12 6 94 122.38 2574.25 78.47 0.80 0.18
1313 B 12 6 96 122.40 2574.58 78.42 0.72 0.23
1313 B 12 6 98 122.42 2574.91 78.33 0.73 0.32
1313 B 12 6 100 122.44 2575.24 78.94 0.36 0.07
1313 B 12 6 104 122.48 2575.90 79.65 0.78 0.13
1313 B 12 6 106 122.50 2576.23 78.89 0.55 0.14
1313 B 12 6 108 122.52 2576.56 76.60 0.71 0.26
1313 B 12 6 110 122.54 2576.89 78.46 0.45 0.21
1313 B 12 6 112 122.56 2577.23 79.67 0.60 0.26
1313 B 12 6 114 122.58 2577.67 76.96 0.53 0.14
1313 B 12 6 116 122.60 2578.11 77.73 0.75 0.10
1313 B 12 6 118 122.62 2578.56 79.26 0.84 0.25
1313 B 12 6 120 122.64 2579.01 78.85 0.61 0.01
1313 B 12 6 122 122.66 2579.45 80.39 0.59 -0.01
1313 B 12 6 124 122.68 2579.91 79.65 0.61 0.16
1313 B 12 6 126 122.70 2580.36 79.47 0.63 0.16
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1313 B 12 6 128 122.72 2580.82 78.81 0.63 -0.08
1313 B 12 6 130 122.74 2581.27 78.46 0.71 0.02
1313 C 13 3 0 122.80 2582.63 76.03 0.66 0.07
1313 C 13 3 2 122.82 2583.09 67.16 0.75 0.09
1313 C 13 3 4 122.84 2583.54 78.94 0.58 0.19
1313 C 13 3 6 122.86 2584.00 78.74 0.79 -0.01
1313 C 13 3 8 122.88 2584.45 78.44 0.59 0.07
1313 C 13 3 10 122.90 2584.90 78.25 0.55 -0.07
1313 C 13 3 12 122.92 2585.36 77.00 0.72 0.00
1313 C 13 3 14 122.94 2585.81 76.95 0.67 0.09
1313 C 13 3 16 122.96 2586.27 75.99 0.79 -0.08
1313 C 13 3 18 122.98 2586.72 74.22 0.68 -0.03
1313 C 13 3 20 123.00 2587.17 74.53 0.70 0.04
1313 C 13 3 22 123.02 2587.63 76.34 0.64 0.03
1313 C 13 3 26 123.06 2588.54 76.79 0.68 0.12
1313 C 13 3 28 123.08 2588.99 76.22 0.69 0.18
1313 C 13 3 30 123.10 2589.45 76.62 0.67 0.25
1313 C 13 3 32 123.12 2589.90 76.13 0.59 0.14
1313 C 13 3 34 123.14 2590.35 75.55 0.63 0.15
1313 C 13 3 36 123.16 2590.81 75.31 0.53 0.17
1313 C 13 3 38 123.18 2591.26 75.45 0.65 0.14
1313 C 13 3 40 123.20 2591.72 75.15 0.57 0.15
1313 C 13 3 42 123.22 2592.17 74.45 0.70 0.19
1313 C 13 3 44 123.24 2592.63 73.89 0.36 0.31
1313 C 13 3 46 123.26 2593.11 70.05 0.47 0.21
1313 C 13 3 48 123.28 2593.60 74.16 0.42 0.25
1313 C 13 3 50 123.30 2594.09 73.41
1313 C 13 3 52 123.32 2594.58 74.18
1313 C 13 3 54 123.34 2595.07 74.09
1313 C 13 3 56 123.36 2595.57 73.10
1313 C 13 3 58 123.38 2596.07 71.29
1313 C 13 3 60 123.40 2596.58 71.99
1313 C 13 3 62 123.42 2597.08 69.17
1313 C 13 3 64 123.44 2597.59 68.68 0.19 0.42
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Appendix B: Additional methods
Note on the use of  the ‘N ratio’
In Chapters 2, 3 and 4, the N ratio, a ratio between specific groups of  tropical upper- and lower- 
photic zone dwelling coccolithophores, is used to track changes in nutricline and thermocline 
depth. Higher N ratio values indicate a shallower nutri-thermocline and vice versa. Nutri-
thermocline depth is intimately coupled to primary productivity in tropical systems, with 
shallower depths usually linked to higher productivity because of greater nutrient injection into 
the photic zone. However, N-ratio values cannot be interpreted as solely representative of primary 
productivity fluctuations. This is because (1) additional factors such as sea-surface or deep-sea 
temperature changes may alter the depth of the thermo-nutricline, (2) no robust calibration exists 
between N ratio values and values of primary production in the modern ocean. 
SMS Method
Quantitative nannofossil counts (Chapter 3) were carried out on a light microscope using slides 
made following the spiking with microbeads and spraying (SMS) method of Bollmann et al. 
[1999].
Firstly, borosilicate glass microbeads (mean diameter 5.1 µm ±0.5 µm) and dry bulk sediment 
were weighed using a high-precision balance (AT21 Comparator by METTLER TOLEDO). For 
ODP Site 662 samples, a sediment to microbead ratio of 1:1 (approximately 10 mg of each) was 
used. For ODP Site 846 samples, which were diatom-rich, a ratio of  ~2:1 was used for interglacial 
samples (15 mg sediment and 7 mg microbeads) and ~3.3:1 for glacial samples (20 mg sediment 
and 6 mg microbeads). Exact weights were noted for each sample.
Secondly, borosilcate microbead and sediment mixtures were suspended in 4ml of isopropyl 
alcohol and the suspension was ultrasonicated for around 30 seconds at 35 kHz.
Subsequently, the suspension was sprayed onto a cover slip using a 5ml syringe in combination 
with a glass capillary tube (1.5-1.8 x 100 mm). The syringe was filled with the suspension and 
sprayed onto the target using a bottled of compressed air (‘EFFA spray mounter’). This step was 
repeated 4 times in order to make duplicate slides for each sample.
The dry cover slips were mounted onto microscope slides with Norland optical adhesive and 
cured under ultraviolet light. 
Nannofossil numbers per gram and fluxes were calculated as follows:
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(1) Ctot = (Ccount * Madded) / (Mcount * Wtot)
where 
Ctot = coccoliths per gram
Ccount = number of coccoliths counted
Madded = number of microbeads added (see (2) below)
Mcount = number of microbeads counted
Wtot = mass of sample added (g)
(2) Madded = Wmicro * Mtot
where
Wmicro = mass of microbeads added (g)
Mtot = microbeads/gram (see (3) below)
(3) Mtot = 1/(ρM *(4/3)* π * r
3)
where
ρM = microbead density (g/cm
3)
r = microbead radius (cm)
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